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GENERAL INTRODUCTION ON 

CRYSTAL GROWTH 

By W. E. Garner 
Received January, 1949 

In the earlier investigations the two aspects of the growth of crystals, 
the initiation of crystallization and the rate of growth, were developed 
independently. It is now realized that each plane of atoms or molecules 
added to the crystal may involve a fresh initiation of crystallization, and 
that the rate of crystallization is dependent on the rate of nucleation on 
the crystal surface. This means that in the fundamental treatment of crystal 
growth, the two sections are inseparable, and this has been recognized in 
the grouping of papers for this Discussion. 

In this introduction, which is mainly historical, the gradual evolution of 
the present outlook is indicated. Interest in this field has been accentuated 
by important applications in industry and a brief survey of these applications 
is included. 

Initiation of Crystallization. Throughout the nineteenth century 
there was much interest in the crystallization of supersaturated solutions, 
for example, of solutions of Glauber's salt, magnesium sulphate, vitriols, 
etc. Boisbaudron found that spontaneous crystallization took place only in 
strongly supersaturated solutions and de Coppet, by cooling solutions, 
determined the limits of solubility at which spontaneous crystallization 
begins. Ostwald developed the idea of a metastable zone on the solubility 
diagram showing the limits within which no crystal nuclei could form 
spontaneously. This theory proved to be of considerable practical importance 
at the time in explaining some of the phenomena of precipitation and of 
Liesegang rings. 

Much attention was paid to the limiting size of particle needed to start 
crystallization in the metastable zone, and rough estimates gave a minimum 
size of io-"®~iO”^* g. The thermodynamic criteria developed by Willard 
Gibbs in 1878 which were applicable to this problem were not very early 
appreciated, with the result that for a long period the approach to the 
subject was empirical in character. 

Tammann's work on the initiation of crystallization in undercooled organic 
liquids and inorganic glasses was of the greatest significance and settled 
many doubtful points. By making counts of nuclei under controlled condi- 
tions, he showed that the formation of nuclei obeyed the laws of probability 
and that the maximum probability occurred at temperatures 40®-i20° below 
the melting point, where the liquids begin to lose their mobility and show 
marked changes in viscosity. There was a zone of about 20°, below the melting 
point, where nuclei formation was very slow, which corresponded to the 
metastable zone found with supersaturated solutions. Tammann showed 
that nuclei could be formed in this zone if the observer would wait long 
enough for them. He thought, however, that there might be a metastable 
region a few tenths of a degree below the melting point, due to an increase 
in solubility resulting from a decrease of particle size. He also found that 
the rate of nuclei formation became very slow in the glassy State of under- 
cooled liquids, where the viscosity was very high. ^ 

Tammann considered that since the formation of a nucleus was a very rare 
event, a large number of molecules must meet under limiting conditions o 
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velocities, orientation and direction of movement, before a nucleus can be 
formed. The process was so complicated that any simple relations between 
the probabilities and the stabilities of the forms produced were not to be 
expected. He concluded that Ostwald's Law of Stages was not universally 
applicable. 

Willard Gibbs showed that a spherical particle of phase II, p = was in 

equilibrium with a continuous phase I, p = p\ when r = The 

equilibrium is, however, unstable, for if r is slightly reduced, the particle 
will decrease in size and finally disappear, and if it be slightly extended it 
win grow until phase I completely disappears. The work done in the creation 
of a particle of phase II in phase I is always positive up to the value of 

r = so that phase I is stable with respect to nuclei formation so long 

as r is of such magnitude fo? the surface tension equation to apply. It will 
break down as r approaches molecular dimensions and p'" > p\ It would 
be expected, therefore, that for an undercooled liquid there would be a 
metastable region for phase I, where spontaneous nuclear formation could 
not occur, and a metastable limit below which the system became labile 
owing to Y approaching molecular dimensions. 

Haber employed the Thomson equation, 


Ts •— Tf 2 gM 
~~Ts “ 

in a theoretical examination of the crystallization of supercooled liquids. 
Ts is the melting point, Tf the melting point of a nucleus of radius r, a the 
interfacial energy, Qs the heat of crystallization, p the density of the solid 
phase, and M the molecular weight. He postulated a Spurenschmelzpunki 
as the melting point of the smallest ordered aggregate, which determined 
the temperature of the metastable limit. 

These considerations of Gibbs and Haber will, however, be modified if 
there be taken into account the local fluctuations of energy which occur in 
any fluid and which have been demonstrated in the phenomena of critical 
opalescence. These local fluctuations will facilitate the formation of nuclei 
and render the metastable limit less sharp, although the conception of a 
metastable zone is still of some practical value. 

Rate of Growth. Tammann’s researches on the crystallization of super- 
cooled liquids show that the rate of crystallization is very slow down to about 
30® below the melting point, increasing to a maximum which is often flat, 
and falling off as the viscosity increases to that of a glass. The maximum 
for the rate of crystallization lies at higher temperatures than for nucleation. 
The low values just below the melting point are due to the slow removal of 
heat of crystallization. Tammann concludes that the rate is at its maximum 
when the temperature of the melt is 


T — To 

where To is the melting point, qo the heat of crystallization, and the mean 
specific heat. 

Surface Flow. Studies of the growth of crystals from the gaseous 
phase indicate that the flow of molecules over the surfaces of the crystals 
plays an important role in the rate of crystallization. Volmer and Estermann 
showed that mercury crystals formed from the vapour consist of very thin 
flat plates, and that the rate of extension of the main faces can only be 
accounted for if the molecules colliding over the whole surface of the crystal 
are available for the growth of the very small areas at right-angles to the 
basic planes. This requires that the surface flow of a molecule during its 
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lifetime on the surface is of considerable magnitude. The work of Becker 
and of Taylor and Langmuir on adsorbed caesium on tungsten, and of 
Bosworth on potassium on tungsten, at temperatures where the evaporation 
of the adsorbed atoms is low, shows that the atoms undergo activated diffusion 
along the surface. For caesium the number of sites covered during the 
lifetime is at least lo®. Also, Newman has demonstrated that activated 
diffusion occurs on the surface of heated sodium chloride crystals. The 
experiments of Volmer and Adikari on the surface flow of benzophenone 
on glass and of Kowarski on /)-toluidine over a crystal of the same substance 
illustrate the same principle. 

The extension of this principle to crystallization from supersaturated 
solutions and from undercooled melts is unavoidable, since in general the 
work required to move a molecule or ion along the surface is less than that 
to transfer it to the liquid phase. 

The Repeatable Step. The energies required to remove ions or mole- 
cules of sodium chloride from the surface of a crystal into the gaseous phase 
have been calculated by Kossel and Stranski for the comer, edge and various 
surface positions. Homopolar lattices have been dealt with similarly by the 
same authors and by Becker and Doring. The difference between the energies 
for the various sites is sufficiently great to have an important bearing on the 
kinetics of crystal growth. 

In building up a plane of atoms on the surface of a crystal, the greatest 
energy is liberated at the repeatable step of an uncompleted edge of a 
covered area. The energy evolved on adsorption on such sites is approx- 
imately the same as that resulting from embedding the atom half-way in 
the crystal. The process of crystallization on surfaces large compared with 
the atomic diameter consists mainly in the repetition of the ‘ repeatable 
step.' The adsorption of atoms singly on the plane surface is much less 
strong than at the repeatable step. Over part of the range of temperatures 
for which atoms are firmly held at the repeatable step, those on the main 
surface are readily desorbed. The surface molecules, however, travel by 
surface flow considerable distances before they evaporate, and therefore 
it is to be expected that in favourable circumstances the whole surface of 
the crystal will act as a collecting ground for the repeatable step. 

Two-dimensional Nuclei. The rate of evaporation is greatest if the 
adsorbed molecules are held singly on the surface and least when held at a 
repeatable step on a two-dimensional nucleus, the size of which is above 
a critical value. In the building-up of new crystal planes, the average time 
taken to complete a two-dimensional nucleus of this critical size may be 
considerably greater than that required to complete the plane of molecules 
by a succession of repeatable steps. Volmer, for iodine crystals growing from 
vapour, concludes that the formation of the two-dimensional nucleus is such 
a rare event that the probability of its occurrence determines the velocity 
of crystallization. 

Crystals grow the more regularly the lower the supersaturation. At high 
supersaturations polymolecular sheets are built up, giving a series of steps 
on the faces of crystals which can be detected by interference colours 
(Marcellin, Perrin, Kowarski). These phenomena are of frequent occurrence 
and are of special interest. Stranski, studying the growth of polished spherical 
surfaces, shows that the planes with high indices of even simple lattices give 
uneven surfaces during growth, built up of steps of various heights. It 
should, however, be borne in mind that some of these phenomena njay be 
due to the discontinuities caused by polishing. It is clear, however, that the 
mechanism of crystal growth, with complex molecules from strongly super- 
saturated solutions, can become an involved problem. Phenomena make 
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their appearance which have not been unambiguously elucidated. It is 
possible that some of these may be due to Smekal, Zwicky or other types of 
discontinuity, as suggested by Frank. However, under the simplest condi- 
tions, with low supersaturation, the conception of the formation of two- 
dimensional nuclei aided by surface flow may prove to be adequate for the 
calculation of rates of growtt. 

Crystal -Crystal Interface. The nuclei formation in solid phases obeys 
similar temperature relationships to supercooled melts, giving maxima at 
temperatures considerably below the melting point. Volume changes on 
crystallization, producing cracks, are, however, an added complication. 
Nuclei formation in processes which are accompanied by gas evolution are 
one step more complicated, but the phenomena obey the same general 
rules. In a number of cases in which gas evolution occurs, the activation 
energy is approximately the same as the thermodynamic heat for the process, 
which implies a close fit between the lattices of the two phases and a very 
close coupling between the disappearance of the old and the building-up 
of the new lattice. This may well be the case, in favourable circumstances, 
for the growth of one crystal phase out of another. 

Practical Applications. The need for large crystals free from flaws 
for spectroscopy, piezoelectric measurements and the various purposes 
of the electrical industry cannot be met from the diminishing natural 
resources, nor do these give a sufficient variety. This has led to researches 
on the methods of accurate control of crystallization from the vapour phase, 
the melt, from supersaturated solutions and by hydrothermal processes at 
high pressures simulating those in nature. In the natural processes whereby 
crystals are formed in the earth's crust, an infinitude of time is available for 
the manufacture, but on the industrial scale the time available makes it 
necessary to work at higher supersaturations, where irregularities are the 
more likely to occur in the crystallization processes. 

The control of crystal shape and size by the addition of surface active 
substances is a requirement in many industries. In the explosives industry 
particles with as nearly spherical shape as practicable are advantageous from 
the point of view of flow properties, bulk density, pelleting properties, etc. 
It is also possible in cases where two solid modifications are produced to 
prevent the formation of the unstable modification by the use of suitable 
additaments. The control of particle size distribution is also important in 
the manufacture of materials used as the basis of products with good 
plasticity. The tendency of hygroscopic substances to cake can often be 
reduced by paying attention to crystal shape, choosing that shape which 
gives a minimum of contacts between the grains. 

The surface agents may operate by adsorption on one set of faces, either 
reducing or preventing growth, as is found by the use of certain dyestuffs. 
These agents may operate by retarding all growth except in one direction, 
thereby ^ving spherulitic growths. The detailed mechanism by which 
they act is not yet elucidated, although it can readily be seen from current 
ideas on crystal growth that the effects of adsorption at the repeatable step 
would have important consequences. 

There are many processes in which crystallization is the final stage, 
giving the product its essential properties. Such are the manufacture of 
cements, bricks, ceramics, etc. Although in these cases the crystallization 
process is often accompanied by chemical change, the mechanism involves 
the nucleation by crystals and the growth of crystals such as occurs for the 
simpler processes, and their study will benefit by the development of the 
fundamental theory of crystal growth. 

The University, Bristol. 



I. THEORY OF CRYSTAL GROWTH 
Introductory Paper 

By N. F. Mott 
Received ^th March, 1949 

The theory of crystal growth can, it seems to me, conveniently be divided 
into three parts. These are : 

{a) The theory of the rate of growth of a surface in contact with a vapour 
or solution with a given degree of supersaturation. Or, in the case of a 
crystal growing from the melt, the theory of the rate of growth for a given 
degree of supercooling. This will include a discussion of the rates of growth 
of different crystal faces, and the effect on growth rates of impurities which 
may be adsorbed on the surface, and of imperfections in the crystals them- 
selves. The solution of the problems under this heading depends, of course, 
on a knowledge of interatomic forces. 

(ft) The use of results obtained under the heading (a) to determine crystal 
forms in as far as they depend in the case of growth from solution, or 
diffusion of the ions or atoms to be deposited, or in the case of growth from 
the melt on conduction through the material of the heat liberated. Much 
of the theory of dendrite formation is included in this category. It forms 
a part of classical rather than atomic physics, depending as it does on the 
equations of diffusion and heat flow. 

(c) Discussions of the crystal form of the deposit. This will include such 
problems as the formation during growth of screw or edge dislocations in 
the crystal ; a solution of these problems is very important for the theory 
of mechanical strength. Then there is the question of the possible pseudo- 
morphic forms of crystalline films grown on a substrate of different composi- 
tion ; a contribution to this subject is made by van der Merwe in a paper 
to be presented to this conference. And, finally, there is the question of the 
state of strain and possible cracking of the surface layer treated by Moliere, 
Rathje and Stranski. 

{a) Atomic Theory of Growth. The elements of a theory of crystal 
growth have been laid down by Volmer, Stranski, Becker and Doring, and 
new contributions made by Frank, Burton and Cabrera (for references, see 
the contribution of F. C. Frank to this Discussion). This theory applies 
explicitly to growth from the vapour ; but can probably be applied in 
principle to growth from solution. The problem of growth from the melt 
remains an open question. 

The elements of the theory of growth are as follows : consider a flat 
crystalline surface of low indices (say, (100) for a simple cubic or (in) for 
a close-packed structure) in contact with a vapour. Suppose this surface is 
partly covered by another layer. Then if the pressure of the vapour is raised 
by a small amount above the equilibrium vapour pressure, theory indicates 
that the layer will grow, with a speed proportional to A^, until it covers the 
surface. But in order to start a new layer, a two-dimensional nucleus must 
be formed, and, like other nucleation phenomena, the rate of nucleation 
varies with A/) as where ^4 is a constant at given temperature. It 

follows that when A/> is below some critical value the rate is negligibly ^all. 

It seems likely that the growth rate depends in general on the rate of 
nucleation, at any rate for surfaces of low indices ; for surfaces of high 
indices, having a step-like formation anyhow, nucleation is much easier. 

II 
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But such surfaces of high indices will, of course, by growing quickly tend to 
disappear, leaving a crystal surrounded by planes of low index only. 

It should be emphasized that a fiat surface in contact with vapour will 
have a number of atoms adsorbed on it. Two-dimensional nucleation can 
occur whether or not these are mobile over the surface ; it is not at present 
quite certain whether their mobility affects the rate of nucleation. 

Among the papers presented to this Discussion, Becker gives a valuable 
account of the relation of his theory to Mayer's theory of condensation. 
Burton and Cabrera, in a paper to be published elsewhere, have made some 
refinements to the present theory by calculating the shape of the two- 
dimensional nucleus when it has reached the size beyond which it will 
normally spread. This puts the theory on a firmer footing, and does not alter 
the numerical values very much. Frank points out that the theory suggests 
a growth rate which is negligibly small unless the supersaturation of the 
vapour is of the order 1*5, and that this is contrary to experiment, in particular 
to the results of Volmer and Schultze on the growth of iodine crystals ; 
the degree of siipersaturation required is of the order i*oi. He suggests 
that the presence of dislocations is essential for growth at these concentra- 
tions, and that the growth rate depends essentially on the density of dis- 
locations in the material. 

Theory has at present made little contribution to our knowledge of habit 
modification. It does, however, follow that, if dislocations are essential 
for crystal growth, very small concentrations of impurity, which could be 
adsorbed preferentially at the ** ledge " where the dislocation meets the 
surface, could profoundly affect growth rates and thus lead to habit modifi- 
cation. 

(6) Phenomena Depending on Heat Flow and Diffusion. It is 

believed that dendrite formation in the solidification of liquid metals is 
due to the fact that a thin needle, growing into a supercooled solution, 
will need to get rid of less heat by conduction than a thicker one and so will 
grow faster. In the same way, in the formation of crystals from solution, 
a thin needle will grow more quickly than a thick one into supersaturated 
solution. Probably the clue to the step formation observed by Bunn will 
be found along these lines. 

(c) Physical State of the Crystal as a Consequence of the Mechanism 
of Growth. Frank, in his paper, gives some reasons for believing that, 
at finite growth rates, dislocations will be formed in the crystal. They 
arc in no sense present in thermodynamic equilibrium and ideally a long 
enough anneal would get rid of them ; but, in practice, there appear always 
to remain a certain number. 

Stranski and his colleagues reopen the very interesting question of the 
state of strain of the surface layer. The origin of the Griffith cracks," 
responsible for the low stress for fracture of brittle materials, has never 
been explained, and it is possible that this work will provide a clue. 

In a later section of the Discussion, van der Merwe discusses the crystal 
structure of thin films deposited on a substrate of differing crystal structure. 
He shows that the question, whether or not the deposit has a pseudomorphic 
form, depends on whether the first monolayer conforms to the structure 
of the substrate or not ; and that this in turn depends on the degree of 
misfit. 

Equilibrium Crystal Forms 

The study of the shape of a crystal in equilibrium with a vapour forms 
an interesting field rather apart from the theory of crystal growth. Burton 
and Cabrera have found that the equilibrium form of the two-dimensional 
crystalline nucleus on a flat substrate is a rounded polygon, if only one 
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atomic or molecular unit is involved. For ionic forces, on the other hand, 
it appears that the two-dimensional nucleus may have sharp comers. In 
the case of three dimensions Stranski has shown that the comers of a crystal 
are rounded off through the presence of a finite number of planes of higher 
index, and so are not truly rounded. 

The microstmcture of the surface in equilibrium with vapour or solution 
is also of interest. As already stated, a flat surface will always contain some 
adsorbed atoms, and there will always be some vacant lattice points. Burton 
and Cabrera have made an investigation of the concentration of “ Frenkel 
terraces on a surface in equilibrium. For faces of low index, there will 
be practically none for a perfect crystal ; any which exist depend on the 
presence of dislocations. A crystal temperature exists, however, at which 
they form, but this will in general be above the melting point. 

H. H, Wills Physical Laboratories, 

Royal Fort, 

Bristol 8. 


FORMS OF EQUILIBRIUM OF CRYSTALS 
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A knowledge of the forms of equilibrium of crystals is important for an 
understanding of the processes on crystal surfaces, independent of whether 
the crystal is immediately concerned in these, or merely functions cata- 
lytically. Furthermore, a comparison between theoretically and experi- 
mentally deduced forms of equilibrium makes it possible to check the 
assumptions used in the former, and supplies valuable clues to alteration 
in structure and changes within the individual lattice surfaces. 

The following observation should first be made. The theoretical treatment 
falls into two parts. First the underlying ideas must be developed, then 
the mathematical work can be started. This is directed by the knowledge 
at the time of the force functions, and must of necessity bring new problems 
in its train. In the following I will confine myself to the part dealing with 
the underlying ideas. 

The treatment of the fonns of equilibrium of crystals has been developed 
on the basis of two fundamentally different ideas. The older one, historically, 
made use of an analogy to liquid surfaces. The surface tension here was 
replaced by the idea of the specific surface energy o. 

The values of cj for crystals are dependent upon direction, so that in 
general the form of equilibrium is a polyhedron which must satisfy Gibbs' 
condition : 

. Fi == minimum, at constant volume. 


If one ignores the edges and comers, it is known that here, also, one arrives 
at the same relation as for vapour pressure, which is completely analogous 
to Thomson’s equation and has the following form ^ : 


In t’. = 

^Vo r, ■ ■ ■ r, 


(I) 


^ The following recent papers on the Thomson-Gibbs relation are mentioned : * 

Volmer, Kinetik der Phasenbildung (Dresden and Leipzig, 1939), p. 87 et seq, 

V. Lane, Z. Krist., 1943, 105, 124. 

Stranski, Z. Krist., 1943, 105, 91. 

Honigmann, Molidre and Stranski, Ann* Ph^sik, 1947, i, 181. 
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Vo represents the volume of a ciystal unit and n the centre distance, tJi 
the specific surface energy of the *-th face, pr and p^ are the sublimation 
pressures of the finite- and infinite-sized crystals respectively. Wulfi's 
method for the construction of equilibrium forms of crystals follows directly 
from eqn. (i). 

An exact relation, capable of general application, cannot be derived in this 

way. For if we wish to take into account the 
fact that the crystal also possesses edges and 
comers, and that the specific surface energy 
and the specific energy of the edges and 
comers which must further be introduced, 
possibly depend on the size of the crystal as 
well, a relation can only be derived at first 
for simplified models. This is to be shown in 
the following for the case where the form 
of equilibrium of the crystal is represented 
by a simple crystalline form, i.e., it is sur- 
rounded by only one kind of face. For 
this purpose let us refer to the definition of 
the specific surface energy, and give the 
definition of the specific edge and comer 
energies in reference to Born and Stem.^ 

The specific edge energy x is defined as 
the work which must be done in order to separate the crystal sections 
I and 3, 2 and 4 respectively (see Fig. i), divided by twice the length of 
the edge, and given a negative sign. Correspondingly, the specific comer 
energy e is half the work required to separate two crystal sections situated 
diagonally in space, with their comers touching, e.g., i from 7, or 3 
from 5 (see Fig. i). 

Assuming that these values are independent of the dimensions of the 
crystal, one obtains in place of eqn. (i) : 



Fig. I . — Division of a crystal by 
three planes. Two of these 
are shown as lines where 
they cut the plane of the 
diagram, the third lies in the 
diagram plane itself. The 
figures in brackets denote 
the sections below the plane 
of the diagram, those with- 
out brackets the sections 
above it. 


kT . pr or , X 

— In^ = - + 2 . . 

2Vo P^ r 2 r* 


(2) 


Thus, as a result of the existence of edges, an additional term appears as 
correction. The comers are without influence. 

In order to be able to discuss the 
dependence of the values a, x and e 
upon the size of the crystal at all, the 
definitions of these values for finite 
crystals had first to be found. The 
definitions given by me at that time ® 
will be explained for a simple case 
with the aid of Fig. 2. If the form of 
equilibrium is represented by a cube, 

Ga is equal to the work of separating 
such a small crystal from a cube face of 
the infinite crystal, divided by twice 
the area of one cube face of the small 
crystal. Xa is correspondingly equal 
to the work of separating such a cube from the infinite crystal quadrant 
lying diagonally opposite divided by twice the length of a single edge and 



and €« for a finite crystal cube 
with an edge-length a. 


• Bom and Stern, Ber, Berlin Akad., 1919, 48, 91 ; Stranski, Z. Krist., 1943, 105, 287. 

• Stranski, Ber, Wien. Akad., math.-naturwi. Kl., 1936, Ilb, 145, 840 ; Mh, Chem., 

1936, 69, 234. 
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with a negative sign. Lastly the comer energy ta is equal to half the work of 
separating a small crystal from the infinite crystal octant lying diagonally 
opposite in space. Thus the total surface energy of a small crystal with edges 
of length a is 

Oa = 6 a^(Ja + 12 a yia + 8 za. . . . (3) 

In this case it is possible to obtain the form of equilibrium of a small 
crystal simply by taking an infinite crystal to pieces, and <!>« can also be 
defined as the work of separating a small crystal from a crystalline half- 
crystal position (see Fig. 3). However, it should 
be mentioned that Oa is generally given in the 
following relation : 

Oa = iVft . 91/, — Z • • (4) 

91/, is the work of separating a crystal unit from 
the half-crystal position (see below). The second 
term is the work obtained in building up the small 
crystal from its Na individual crystal units. 

The example dealt with in the last section is 
especially simple. The important thing is, that 
this case already shows that it is not possible to 
specify the exact sublimation pressure of a small 
crystal from the forms of equilibrium, with the aid of the values Ga, Xa 
and £a, now assumed to be variable. 

For this purpose, the differentiation of the eqn. (3) is necessary : 

- _ . pa d(I)a da , ^ . doa , da , dxa , o dsa 

dN JN dN'^^dN ' 

The values Oa, (Ta, Xa and Sa would thus have to occur as continuous 
functions of the number of crystal units N. That is not the case, however, 
for they present themselves as a series of isolated points. 

The following possibilities can be discussed, (i) Curves are drawn through 
these points and differentiated. The result could give the sublimation 
pressure with sufficient exactitude. (2) The dependence of the values Oa, 
Xa and £a upon N can be found to be so small that it can be neglected. 
Neither possibility, however, can be proved for no standard of comparison 
exists at present, which gives us the correct pressure values. We will return 
to these questions below. 

The advantages of the method using the values or, x and e are not to be 
denied, for by means of it, all considerations which had been made on liquid 
systems could be applied in a comparatively simple way, and with little 
alteration, to crystal systems. Special attention is here drawn to the fact 
that, on the whole, Volmer's theory on the frequency of nucleus formation * 
also reproduces the conditions porrectly for crystal systems. By continuing 
the nucleus idea, introducing, namely, the idea of a two-dimensional nucleus, 
the growth of a crystal could be submitted for the first time to a mathematical 
method. Many different questions could be answered comparatively simply. 
The interpretation of Ostwald's step-rule may be mentioned as an example.® 

But the disadvantage of this method must also be enumerated. The 
values cr, x and e do not refer at all to elementary stages of growth and 
reduction, and the relations which are obtained with their aid can only be 
applied under certain conditions to kinetic considerations on crystals, and 
remain difficult to visualize. As is known, the application of Thomson-Gfbbs' 

^ Volmer and Weber, 2 ^. physik. Chem,, 1926, 119. 277 ; Volmer, loc. cit, 

'■* Stranski and Totomanow, Z. physik, Chem. A, 1933, 399* 



Fig. 3. — Crystalline half- 
crystal position. 
is equal to the work 
of separation of the 
crystal cube with 
edge-length a, in the 
half-crystal position, 
as shown in the 
diagram. 
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equation has led to numerous, and often crass, misunderstandings. This 
method, by simulation of completion, has also prevented many equilibrium 
questions from being asked and answered at the right time. 

The second treatment began to take form as a result of work by Kossel ® 
on the one hand, and myself on the other.’ The work of separating individual 
crystal units from the crystal surface was estimated, NaCl being taken as 
the first example, and with the help of this it was possible to draw a picture 
of the molecular processes connected with growth and solution. The logical 
starting point for these considerations is the determination of the length 
of time a crystal unit remains in the so-called half-crystal position. 

The crystal unit in the half-crystal position possesses a work of separation 
which amounts to half of that of a crystal unit in the inside of the crystal. 
It is thus equal to the negative value of the lattice energy per crystal unit, 
and determines the vapour pressure of the infinite-sized crystal. Elementary 
reasons can be given for this conclusion if the position of growth of a 
repeatable growing crystal face is chosen as model of the half-crystal position. 
For, in this case, the position as such is retained after any number of separa- 
tions or addition of crystal units. Thus the crystal would only be in equili- 
brium with its surroundings, if the probability of a separation of a crystal 
unit from the half-crystal position is found to be equal to the probability of 
an addition on this. 

With the help of the different works of separation, it has already been 
possible to draw a series of conclusions which, at that time, were justifiably 
regarded as completely new-fangled. Only as a consequence of these was 
it asked whether certain faces in equilibrium can be retained as such, or 
whether their surface structures would have to undergo alterations of a 
coarsening nature. 

It should be emphasized here that these questions could have been asked 
earlier, as a result of the determination of the values, or merely the signs, 
of the specific peripheral energies of the lattice surfaces concerned. That 
they have not been asked up to this time is to be explained exclusively 
by the fact that the older theories were difficult to visualize. 

Because of its importance the criterion might be given here by reason 
of which one can decide whether a certain face appears in the equilibrium 
form of the infinite-sized crystal or can remain as crystal face. If the specific 
peripheral energy of this lattice face shows the value zero or a negative 
value, in one direction only, this face cannot appear as a form of equilibrium. 
Should this condition be fulfilled for one direction only, the face concerned 
will grow over one-dimensional nuclei and show a typical chain formation. 
A chain formation alone, on the other hand, is not sufficient argument 
against the face belonging to the equilibrium form. If this condition is 
fulfilled for two directions, the one-dimensional nucleus fonnation is also 
eliminated. An example of the first case is (on) on the NaCl crystal and of 
the second, (in) on the same crystal. 

Another question could also be answered with the help of the work of 
separation, namely, with what kind of face must the infinite-sized crystal 
be surrounded ? For it is evident that the only possible form of equilibrium 
is one in which all comer crystal units are bound at least as firmly as in the 
half-crystal position. So that by starting with a simple form, and systema- 
tically removing all crystal units which are less firmly bound, one could 
arrive at forms which no longer exhibit such crystal units, and which then 
mirror the equilibrium form, in that they possess all the faces of same. 

In order to arrive at an expression which represents the sublimation 

® Kossel, Nach. Ges. Wiss, Gottingen, 1927, 135 ; Leipziger Vofivage, 1928, i. 

’ Stranski, Z. physik. Chem., 1928, 136, 259. 
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pressure of finite crystals, those crystal units will be taken into consideration 
which, on evaporating, produce a deviating value for the work of separation. 
In the case of a single crystal face, that^is a very simple matter.® The 
mean value 9a appears here in place of 9^ = 91/, work '' of separation 
of the crystal unit in the half-crystal position), where the mean is taken so 
as to include all crystal units of the uppermost lattice face, and for a process 
also, in which the crystal units of the lattice face are removed. The logarithm 
of the relation between this vapour pressure and that of an infinitely extended 
lattice face is then simply 

*rinj‘^ = <pv.-9a (6) 

Pco 

This simple result can be explained as follows : for the faces concerned 
in equilibrium, the probability that the uppermost lattice face is removed 
by solution must be equal to the probability that, after removal, it is re- 
formed by means of a condensation process. Hut this stipulation is connected 
with the fact that the work of formation of a lattice face nucleus (two- 
dimensional nucleus) by condensation is exactly equal to that by superficial 
solution of an uppermost lattice face. 

Let us imagine a position where a crystal unit is bound in such a way 
that the work of separation has the exact value (9a) required for the position 
to be occupied by a crystal unit for not more than exactly one-half of a very 
long observation period. We could then undertake the formation of a lattice 
face nucleus by condensation, by allowing the crystal units to attach them- 
selves first at this point from the vapour phase, and forming the nucleus 
by bringing them each time from there on to the face. If the nucleus 
contains m crystal units and the whole lattice face n, the following work is 
necessary for the production of the nucleus : 

m 

Z (9. - 9») • 

1 

By superficial solution of an existing lattice face, on the other hand, the 
work of formation of the nucleus amounts to 

n 

Z (<?( - 9.) . 

m-j I 

By balancing'^the two work equations, one obtains directly 

9« = ^ i 9< (7) 

The following should also be taken into account. The conditions of 
equilibrium deduced quite generally apply to both lattice faces and single 
lattice rows. In the case of the lattice face nuclei, the peripheral rows must be 
in equilibrium with the surroundings, i.e., the mean work of separation 
per peripheral row of the lattice face nucleus must show the same value 9^ 
on all sides. 

If we now consider a three-dimensional crystal which is in equilibrium 
with its surroundings, this implies that the same conditions must be fulfilled 
for each of its faces. From which it further follows that the surroundings 
are supersaturated as regards all rows on the edges of the crystal (for the 
uppermost lattice face of an equilibrium form is greater than the corre- 
sponding lattice nucleus) ; in the same way, the surroundings are also super- 
saturated as regards each single point on the surface of the crystffl, and 

* Stranski and Kaischew, Z, physik. Chem. B, 1934, ^ 

1935, 36* 393 * 
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therefore also as regards the comer crystal units. This conclusion is instruc- 
tive. But it is also fundamental for the consideration of the equilibrium 
of a crystal. It leads directly to an easy method of construction of the 
form of equilibrium of crystals. In order to obtain the form which corre- 
sponds to a certain pressure, in the vapour phase, one proceeds as follows : 
the value of cp* corresponding to the pressure pf is calculated. Then 
starting from any simple form of tl^ crystal, all crystal units which show 
a work of separation smaller than (pa are eliminated, one after the other, 
from its surface. Lastly, the areas of all faces are varied imtil each single 
mean work of separation reaches the value 9a. 

Another conclusion from the thermodynamic deduction of the sublimation 
pressure of a small crystal is made especially clear. That is the conclusion 
which can be drawn directly from eqn. {2) : the vapour pressure is simply 
a function of the relation between a and the centre distance of any face. 
Provided the latter remains the same this quotient must remain unchanged 
independent of whether the face concerned occurs in a simple form or iri 
a combination. When drawn from the thermodynamic deduction, this 
conclusion is not clear, as the deduction includes only the form of equilibrium 
itself, and is tied to the assumption that for small evaporation and growth 
processes the form remains similar. The following explanation, based on the 
mean work of separation, can be given for this conclusion. To this end, 
let us begin with a simple form and study a definite face. This form is now 
allowed to develop into a combination, the centre distance of the face under 
consideration remaining imchanged. The area of the face decreases but the 
deviations of the individual works of separation also decrease to the same 
degree, for the rows on the edges of the combination border upon more 
lattice neighbours than the rows on the edges of the simple form. 

Lastly, eqn. (6) provides the possibility of deciding the question which 
cropped up on a previous page. It supplies the vapour pressure in a manner 
which is quite independent of that in eqn. (i) or (5). It is also possible, 
in this manner, to carry out the calculation for a definite example, namely, 
for a simplified NaCl crystal.^ It showed, though only for this case, that the 
second possibility is realized, namely, that it is not necessary to include the 
dependence of the specific energy values tr, x and s on the number of crystal 
units, in the calculation, for all crystal sizes which actually come into 
question. 

It is comparatively easy to obtain the form of equilibrium theoretically 
for typical ionic crystals, if simplif3dng assumptions are made. In all cases 
dealt with up to now, it has been found to be a simple form. It is 

a cube for NaCl ^ ® 
a rhombic dodecahedron for CsCl 
an octahedron for CaFj 
a rhombohedron for CaCOj or NaNOj. 

It is also independent of the size of the small crystal. Thus, form of equili- 
brium and form of growth are here identical (for low supersaturations). 

The conditions in the case of non-polar crystals are different. In this 
case the greater the range of the forces between the crystal units, and the 
nearer 9^ approaches 9^, the greater the number of faces appearing in the 
form of equilibrium. 

Table I gives a list of (infinitely great) forms of equilibrium for a few 
simple lattices as functions of the said range and calculated under the assump- 
tion that the work of separating one crystal unit from another is always 

• Kleber, ZhU Miner., Geol., Pal&ont. A, 1938. 363. 

Bradistilov and Stranski, Z. Krist., 1940, 103, i. 





4.— Ccl mono-crvbtal, forniecl in tlic fused licjuid and allowed t<» {410W further lu the 
vapour. The small circular lace at the both un hdtdiand corner is { 1 1 o|. the irregular 
coarsened face above it {iiji}. (Eiseiiloelfel.)^*^ 
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positive and only dependent upon the distance between them.^^ The 
majority of crystals with simple lattices would seem to represent transition 
stages between the polar and non-polar t5^e. The metals constitute a special 
class. It is worthy of note that the experimental data for metals also 
agree well, on the whole, with the resiQts in the Table, inasmuch as they 
give the correct order of the faces. It was possible to make a more accurate 
experimental investigation especially in the case of Zn and recently also 
for and these results were confirmed. In both cases the experi- 

ments on growth, carried out accurately on spherical rudimentary forms 
consisting of one crystal, which grow from supersaturated vapour without 

TABLE I 


Forms of Equilibrium 


The range of the forces | 
between the lattice ! 
crystal units 1 

embraces 

Adjacent 
crystals 
units only | 

Next crystal 
unit but 
one, also 

Next crystal 
unit but 
two, also 

Investi- 
gated on 


Simple cube . . ; 

001 

001, on, in 

001, on, in 
112 


'D 

cu 

Body-centred, , 
cubic i 

on 

on, 001 

on, 001, 112 

III 

W, urotro- 
pine 

>> 

0 1 

Face-centred cubic 

III, 001 

in, 001, on 

in, 001, on 
113, 012, 135 

Al, Ag, Pt 

! 

-♦-» i 

I 

rt 

Diamond lattice . . 

; III, 001 

1 in, 001, on 

in, 001, on 

113 

diamond 

4-3 

Hexagonal closely 

ooor, loTi 

! 

j 0001, ion 

, lofo, n^o 
IOT 2 

0001, lOTl 

Be, Mg, Zn, 

1 

packed spheres j 

1 

loio 

lOTO, 11^0 
IOT2 

Cd 


The most far-reaching effect was found in every case to embrace the next crystal unit 
but two. The underlined examples have been investigated more thoroughly. 


any signs of coarsening, gave the faces : (0001), (loii), (1010) ; (1120), (1012). 
It is also very significant that the faces (1120) and (1012), which are to be 
traced back to the influence of nearest neighbours but one, exhibit a con- 
siderably smaller area in the case of Cd, than in the case of Zn (see Fig. 4). 
This is probably connected with the greater screening capacity of the Cd 
atoms in the crystal lattice. 

It is also very noteworthy that W and urotropine which both have 
the same lattice (cubic body-centred) but belong otherwise to quite different 
valency t>q:)es, exhibit exactly the same equilibrium form faces: {on}; 
{001}; {112}. In both cases, of the two faces which are to be traced 
back to the effect of nearest neighbours but two ({112} and {in}), only 
{112} appears. Concerning further properties of the urotropine cr3^stal, 

“ Stranski, Z. physik. Chem. J 5 , 1931, n, 342 ; Ber., 1939, 7a, 141 ; Stranski and 
Kaischew, Z, Krist., 1931, 78, 373 ; Ann, Physik, 1935, as, 330. 

Straumanis, Z. physik, Chem. B, 1931, 13, 317 ; 1932, 19, 64 ; 1934, a6, 246. 

Stranski and Suhrmann, Ann. Physik, 1947, i, 153. 

Kaischew, Keremidtschiew and Stranski, Z. Metallkunde, 1942, 34, 201. • 

Eisenloeffel, Dissevtation (Techn. Universit&t Berlin-Charlottenburg, 1948). 

Muller, Z. Physik, 1937. 541 ; 1938, 108, 668 ; 1943, lao, 270. 

Kaischew, Jahrb. Univ, Sofia, phys. math. Fak,, 1946/47, 2, 99. 

Stranski and Honigmann, Naturwiss., 1948, 35, 156. 
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whose lattice can be considered approximately as homopolar with superim- 
posed dipolar forces, see later. 

A brief study of the relation between form of equilibrium and form of 
growth (more exactly, final growth form) will be inserted here. 

The crystals which are investigated are, almost without exception, the 
product of a growth process. If the form of equilibrium is not a simple 
crystalline form, the resulting growth form contains only the slow-growing 
faces large enough to be visible ; the quick-growing faces remain the same 
size as the same faces in the form of equilibrium, which in general is sub- 
microscopic. The form of equilibrium here is to be ascribed to the pressure 
prevailing during the process of growth. 

Intermediate stages of growth of rounded single crystal forms provide 
the possibility of making all equilibrium faces visible It is, unfor- 

tunately, always possible that in the course of this faces also appear which 
do not belong to the equilibrium form. The appearance of { 012 } and {111} 
in Spangenberg’s and Neuhaus's experiments on growth with spherical,, 
polished NaCl crystals from aqueous solution may be recalled, for example, 
although the only form of equilibrium here is {001}. 

It is therefore of great importance to develop a thoroughly reliable method 
for the experimental production of equilibrium forms. This was achieved 
for the first time for urotropine, following on observations by Kaischew,^^ 
Honigmann and myself. At low temperatures, at which the transfer 
of matter takes place almost entirely via the adsorption layer, the growth 
form, which in the case of urotropine is a rhombododecahedron, re-forms the 
faces {001} and {112} (see Fig. 5). Specially accurate investigations were 
carried out at 0° C. (If one subjects the crystal to small fluctuations in 
temperature the same form appears much more quickly.) 

In answer to the question why, up to now, one had neither observed 
a spontaneous appearance of equilibrium forms of visible size (microscopic),, 
nor considered this possible theoretically, one can say that the relative 
differences in the vapour pressures of faces of an already visible crystal, 
which are not in proper ratio to one another, are in fact very small. In 
spite of this, it is not so much the smallness of the differences of the relative 
vapour pressure which is responsible for retarding the course of the reaction 
as Volmer's work of formation of the two-dimensional nucleus connected 
with the supersaturation. This must appear in the formation of new^ lattice 
faces, and as the supersaturation disappears, converges towards infinity. 
If therefore one succeeds in removing the energy threshold of the work of 
formation of the two-dimensional nucleus, the process of alteration leading 
to the equilibrium form on a crystal of the growth form should be possible. 
It is possible to remove this energy threshold, or to lower it considerably, 
by the construction of hollow edges starting from which single lattice faces, 
can develop. Only the few crystals whose crystal units show a comparatively 
high mobility within the adsorption layer at low temperatures will qualify 
for this. 

The discrepancy between theory and experiment, already mentioned, 
evinces itself with urotropine, by the appearance of {112} of the faces 
referred to the nearest neighbour but two, but not of {m}. As is to be 
set forth elsewhere by Honigmann and myself, the experimental result 
can be explained by the fact that a profound alteration in lattice takes place 
in the uppermost lattice face of {112}. This is probably a lattice alteration 
which is also stable at a low temperature. 

With urotropine another phenomenon can be studied. Certain alterations 

Spangenberg, N. Jahrb. Miner., Mugge-Festhd. A, 1928, 57, 1197. 

Neuhaus, Z. Krist., 1928, 68 , 15. 



(a) (Irowth form (on). 



(h) 'Ihe form which is formed on tempering (on, ooi, 112) 


h'lG. 5. — I'rotropine crystals. 


(Honigmann. 
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in the surface lattice do not appear until the temperature is high, i.e., altera- 
tions also exist which show the character of two- and three-dimensional 
changes. Above 170® C the mechanism of growth and evaporation, as well 
as the form of equilibrium of the urotropine crystal, changes fundamentally.^® 
The growth and reduction take place now in multimolecular (visible) layers, 
whose border is completely rounded ; the form of equilibrium is a rhombic 
dodecahedron whose corners and edges are also rounded. 

This phenomenon is obviously connected with the fact that new degrees 
of freedom (rotations) of crystal units of certain lattice surfaces, edges or 
peripheral rows are aroused by temperatures considerably lower than those 
in the inside of the crystal. 

In closing, the question may further be asked, how the equilibrium form 
of a crystal changes when it is surrounded by a liquid instead of its own 
diluted vapour. The simplest case would be to suspend the small crystals 
in their own fused liquid. 

The specific interface energy of a certain face cshki would be given here by 
the following relation : 

^hkl = + 2^hkl ~ v^^hkl , ... ( 8 ) 

where jO and ^^hki are the corresponding values for the liquid and the crystal 
relative to vacuum, and i2^hki the work which would be obtained by the 
contact of unit areas of crystal and liquid. It is seen that ^hki is not only 
very small if ^Phki is very small, but also when is especially large. 

The latter is all the more likely to be true, the more continuous the transition 
from crystal via the interface to liquid. The growth form of Cd which is 
produced from the fused liquid may be quoted here as an example. 
It is seen that the face {1121} appears here, which as a rule is coarsened on 
continuing to grow in vapour, as it does not belong to the equilibrium form 
of the cr^^stal surrounded by vapour phase (see Fig. 4). 

The general case of an equilibrium form surrounded by a phase of any 
desired cc»mposition has not yet been accurately treated, either experi- 
mentally or theoretically. Up to the present a certain amount of attention 
has only been paid to the occasional growth forms showing great deviations, 
which precipitate from various solutions, 
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SURFACE STRUCTURES OF IONIC CRYSTALS 
By K. MoLifeRE, W. Rathje and I. N. Stranski 
Received 16/A February^ 1949 

There is no doubt that the structural peculiarities of crystal surfaces 
play a role in many physical and chemical processes in which the surfaces 
of solid bodies participate. Up to the present no experimental method 
exists which is dependable enough for the determination of surface structures. 
The only way to decide how the positions of equilibrium of the atoms in 
the surfaces can differ from those of the infinitely extended space lattice 
is to employ theoretical considerations witlvthe use of simple models. 
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In the following report is an account of calculations on the model of the 
rocksalt lattice, the aim of whidi was to determine the surface structures 
caused by the effect of the ionic polarizability. Our work* follows on 
an investigation by Lennard-Jones and Dent ^ published twenty years ago, 
but goes further in that not only the displacement of the ions in the direction 
of the surface normals are taken into consideration, but also the tangential 
distortion of the surface lattice. 

As in the case of Lennard-Jones, besides the electrostatic forces, only 
forces of repulsion of small range according to Bom's power function are 
taken into accoimt ; here also a simplified surface structure is assumed 
where only the ions of the uppermost lattice face undergo deformation and 
displacement, while the rest of the lattice below it remains undeformed. 
Only average ionic properties of the two components are taken into account 
(except for the signs of the charges), i.e., the potentials of repulsion and the 
polarizabilities for both kinds of ions are regarded as equal. 


*• _ - -« 


Fig. I. 

The idea directing our calculation was the consideration that the polariza- 
bility of the ions can have the effect of lowering the symmetry. This idea 
was applied by Bom and Heisenberg ^ and by Hund ® to ionic molecules, 
and by the latter to three-dimensional ionic lattices. If one imagines the 
polarizability of these to be continuously increased, the co-ordination lattices, 
which at first are stable, change at a certain polarizability into less sym- 
metrical structures, namely, to layer- or molecule-lattices. These “ polariza- 
tion sub-stmctures " are distinguished by the fact that the ions prefer 
those positions where the electrical field has the highest possible intensity, 
in other words, where the gain in polarization energy is as great as possible. 

From the fact that an isolated (ooi)-lattice face in equilibrium must have 
a lower lattice constant compared with a compact space lattice (2-68 A for 
NaCl, calculated using the fimction of repulsion which is obtained from the 
lattice constant 2*8i A and the compressibility of the space lattice) Lennard- 
Jones and Dent ^ came to the conclusion in their above-mentioned investi- 
gation that a tendency to contract exists in the surface, which they treated 
as analogous to the surface tension of a liquid. The question of how such 
a contraction could be brought about was not followed up by Lennard-Jones 
and Dent ; above all, the part played by the ionic polarizability in a tangential 
deformation of the surface was not considered. We will show that no 
tendency towards tangential contraction exists in the case of low polariza- 
bility in the surface. Only a decrease in the distance between the two 
uppermost lattice faces is to be expected, similar to that already calculated 
by Lennard-Jones and Dent. With more highly polarizable ions, on the 

1 Lennard-Jones and Dent, Proc. Roy. Soc. A, 1928, lai, 247 ; see also Madelung, 
Physik. Z., 1919, 20 , 494 ; Zwicky, Helv. physic. Acta, 1930, 3 , 269 ; Stranski, 
Jb. Univ. Sofia, 1927-28, 24 , 297 ; Z. physik. Chem., 1928, 136 , 259. 

* Bom and Heisenberg, Z. Physik, 1924, 23 , 388. 

* Hund, Z, Physik, 1925, 34 , 833. 

* An account of our calculations which have been supplemented in the meantime 
by further results has already been published in Z. Physik, 1948, 124, 421 and 429. 
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other hand, tangentially deformed surface structures are favoured from 
the standpoint of energy. These are also adapted to the periodicity of 
the space lattice situated below, but in such a way that adjacent ions collect 
together to form small isolated molecular complexes.* That is to be seen 
best from a consideration of one- and two-dimensional structures. 

One- and Two-dimensional Lattices. — ^The investigations on stability 
carried out by Hund® in three dimensions, but only approximately, can 
easily be calculated exactly for one- or two-dimensional lattices. How 
will a chain consisting of alternate positive and negative ions and an 
isolated lattice face of the rocksalt (ooi)-type behave respectively by a 
continual rise in the ionic polarizability ? Certain limiting assumptions 
must first be made concerning the form of the sub-structures of low symmetry 
which result from the co-ordination structures, and which one can imagine 
as being produced from the first by a homogeneous deformation. The 
chain or lattice face will break up into single insular complexes, and it 
seems plausible to expect that similar crystal units in the structure thus 
formed will assume equivalent positions as regards energy and structure 
and that the ionic complexes formed are electrically neutral. Thus, for 
the alternating chain only a division into double ion molecules comes into 
question, whilst for the lattice face four-ion insular complexes are con- 
ceivable too. Furthermore, ** chain lattices can also be formed here 
(analogous to the layer lattices in three dimensions), i.e., the complexes formed 
can extend over the whole surface in simple co-ordinative relationship. If 
one introduces the additional assumption that the complexes formed by a 
division of the original co-ordination lattice in the manner suggested are 
deformed by the effect of the polarization forces with no loss in their own 
s}nnmetry, one is bound to arrive, in the case of the {ooi)-lattice face, at 
the types shown in Fig. 2. These structures may be characterized, as 
indicated in the figures, by means of a relative parameter y (the relative 
approach between immediate neighbours, referred to the distance between 
the ions S in the undeformed structure). The lattice energy of the chain 
or lattice face must now be formulated as a function of y. 

In addition to the coulomb ionic effect and the energy of repulsion we 
introduce the polarization energy for one ion in the form 


-- p-E + P120L 


where p is the dipole moment produced in the single ion ; E is the self-field 
intensity arising from all other charges and dipoles ; oc is the mean polar- 


izability. The components of p can be eliminated by putting the partial 
differential quotients equal to zero as was done by Bom and Heisenberg.^ 
The following equation f is then obtained for the lattice energy for an 
ion pair : 


-u = ^i^ v<p> + 


F/i»‘ -1 

S=>/« - I 


A 




e is here the elementary charge, A . the repulsion potential of two ions 
(we use n = 9) ; is Bom's repulsion potential, self- 

potentials or self-field intensities for corresponding forms with the lattice 
constant 8 = 1, originating from the poles {p) and dipoles (d). These 


* A similar hypothesis was already put forward by one of us in 1928. 

I The easily proved rule must be taken into account that for all configurations of 
the type under consideration the mutual effect between one dipole and ali other ionic 
charges is equal in value to that between one ion^c charge and all other dipole moments. 
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values are functions of y, and can be calculated according to the well-known 
methods of Madelung ^ and Ewald.® 

From the condition 

= 0, 

one can find the “critical polarizability” above which the tangentially 
deformed structures must be more stable than the co-ordination structures- 
If, for the lattice constants of the latter, one inserts the equilibrium values 
of 8 = 2*49 A for the chain and 8 = 2-68 A for the lattice face, one obtains : 

for the chain . . . . — 1*^2 A® ; 

for the lattice face . . ^ocSrJs = i*95 A*. 

But if one stretches the chain or lattice face under force, so that their 
lattice constant adjusts itself to the value 8 = 2*81 A of the compact space 
lattice, becomes much smaller, namely : 

for the chain . . . . ^oc.?8i = 0*58 A® ; 

for the lattice face . . A*. 

The mean value of the polarizabilities of Na+ and Cl~ amounts to a == i*6i A- 
The function U(y) for this value of a and for 8 — 2*81 A was plotted graphi- 
cally. It shows an energy minimum : 

for the chain at . . . . y == 20 % ; 

for the lattice face at . . y = 6 %. 

For the (ooi)-lattice face the structure type (a), the chain lattice parallel 
to the edge, proves to be the most stable. The figures quoted refer to this 
type. If one puts the lattice face or edge as the surface in a space lattice, 
the deformation of the surface is diminished through the effect of the 
undeformed remaining part of the lattice, as is shown below. 


The (001) -Surface. — ^The expression for the lattice energy of the lattice 
face must now be completed by the terms which express the potential energy 
of the ions of the uppermost lattice face in the field of the half-lattice l3dng 
below, which is undistorted and infinitely extended.* The field intensity 
where the surface ions are situated now has components perpendicular to 
the surface (-^-direction). The lattice energy depends therefore upon a 
further parameter C for which we choose the relative distance (referred 
to 8) between the two uppermost lattice faces (see Fig. 3). 

The lattice energy per pair of ions — U{ooi) is now 


JjrFw + 2»v) + 


S's/a - 8=>/a- 




The values represent the self-potentials and self-field intensities of 

the surface already introduced above, "F, the potentials and field inten- 
sities induced by the ions of the half-lattice at the points where the surface 
ions are situated ; these are defined, as previously, for lattices with a 
distance between the ions of i. They can be calculated best according to 
Madelung's ^ method. 


* Madelung, Physik. Z., 1918, 19, 524. 

® Ewald, Ann. Physik, 1921, 64, 253. 

• 

♦ These terms, of course, must be substituted in the expression for the lattice energy 
of the uppermost lattice face in their full amounts (or if one refers to a pair of ions, 
with the factor 2), and must not be halved like the self-mutual effect of the surface 
ions. This fact was overlooked by Lennard- Jones and Dent.^ 
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As the direct application of the conditions of equilibrium 

= o and ^U/K = o 

is too complicated, we determine the minimum potential energy (maximum 
lattice energy) by a graphical method. If (— U) for certain values of the 
tangential parameter y is plotted against the vertical distortion co-ordinate 
curves are obtained of the type in Fig. 4 a. The figure refers to the type 
{a) (Fig. 2), the chain lattice parallel to the edge, and the polarizability 




Fig. 4. 


a = I -61 A^. The curve y == o shows a maximum at ^ = 0.975, which 
corresponds to a decrease in the distance between the uppermost lattice 
faces of 2*5 % (according to Lennard-Jones and Dent, 5 %). As the tan- 
gential distortion increases, the maxima move towards the right, the con- 
traction thus becomes still smaller. 

In Fig. 5 a the maximum ordinate 
values of Fig. 4 are represented as a 
function of y. In the same figure are 
the corresponding curves for the types 
(6), (c) and {d). It can be seen that 
for the ionic polarizability of NaCl 
(a = i-6i A®), all the maxima lie at 
Y = o, i.e., the lattice face retains its 
complete symmetry. At the most, the 
maximum for type (a) could lie somewhat 
to the right of the position y = 0. 
With a somewhat higher value for a at y-values differing from zero a flat 
maximum is soon formed, and as the polarizability further increases this 
moves to the right and becomes steeper. Fig. 4 b and 5 b show the 
corresponding curves for a = 2 -i A® . The maxima lie at values for the 
parameter given in Table I. 

The greatest tangential distortion and lowest energy is to be found for type 
(a), the chain lattice parallel to the edge. Thus this would seem to be the 


TABLE I 


Type 


Equilibrium value of 

Y 


0*11 

0-97 

0*08 

0*97 

0*05 

0*96 

0*01 

0*96 
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predominating polarization sub-structure found for the (ooi)-face. Then 
follow the types ( 6 ) and (c) and with a greater difference the diagonal chain 
lattice (d). 

From the result one can conclude that for NaCl probably no decrease 
in the S 5 mimetry of the face is to be expected on the cube faces. This 
should only set in with higher polarizability. 

The [001]. Edge . — It is in line with the approximate method used up 
to now to deform independently only the ion chain which forms the edge 
of the crystal, whilst all inner atoms of the crystal quadrant remain unpola- 
rized in their normal positions. Those structures in the surface lattice 
faces adjacent to the edge are to be fixed which, according to the calculation 
above, represent the configurations of minimum energy for the infinitely 
extended surface. In this case also we allow the whole row on the edge 
to move its position relative to the rest of the crystal, confining ourselves 
to a displacement in the plan which divides the angle between the adjacent 
cube faces. 



— 

Fig. 5 a. 



000 0.05 OJO 035 020 

Fig. 56. 


According to the previous section, when the polarizability is low the faces 
remain undistorted tangentially, their ions are polarized perpendicularly to 
the face and the distance between the two uppermost lattice faces is some- 
what decreased. In this case the critical p)olari 55 ability for a conversion of 
the edge to a linear molecular lattice amounts to = 1-4 If one 
substitutes the polarizability i- 6 i (corresponding to NaCl) the energy 
minimum then lies at y = 0 * 04 , which indicates a 4 % approach between 
neighbouring ions. The edge is displaced about 5 % in the direction of 
the remaining crystal quadrant. 

If we now use the higher polarizability of 2-i A*, we must assume the 
chain lattice structure type (a) (see Fig. 2 ) in the cube surfaces. As the 
chain structure can take up different positions relative to the edge, different 
types of combinations must be considered, from which we pick out the 
three types in Fig. 6 as those most favoured from the standpoint of energy. 
According to the calculation carried out, type (a), in which the^chains 
run vertically to the edge on both sides, is found to be the most stable. 
A molecular structure is obtained in the edge with an 18 % approach 
between the nearest neighbours (compared with ii % in the adjacent 
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faces). In equilibrium, the whole edge alters its position relative to the 
rest of the crystal by 4 % (compared with 2*5 % for the face). 

The Surface Structures for Crystals of the Rocksalt T3i>e. — The 

formulae for the lattice energy of faces and edges contain the polarizability 
in the combination a/§^ only. If one makes the assumption (somewhat 
rough, of course) that the repulsion potentials for all lattices of the rocksalt 
type can be represented by means of a power function with the same repulsion 
exponent (w = 9), is a common constant for all lattices. (A is calculated 
from the equilibrium lattice constant of the space lattice which is obtained 
ex^rimentally.) Thus the value 5 .U is a pure function of the quotient a/8®. 
It is thus now possible to specify critical values for this quotient, which are 
determining factors in a sub-structure formation in the faces and edges. 
These are 

(a/8®)®^‘- = 0-064 for fhio [ooi]-edge ; 

(a/8®)^* == 0*073 for the (ooi)-face. 

No decrease in symmetry in the faces and edges is to be expected in the 
alkaline halides for : 


Salt KF 

NaF 

RbF 

CsF 

KCl 

LiF 

a/8* 0-047 

0-047 

0-056 

0*061 

0-062 

0*063 

The cube faces retain their full symmetry, whilst the edges show molecular 
structure for the salts : 

Salt 

RbCl 

KBr 

RbBr 

NaCl 


a/8* 

0-065 

0-069 

0*070 

0-073 


The edges have strongly defined molecular 
chain lattice structures in the following : 

structures. 

the faces 

exhibit 

Salt Rbl KI 

NaBr 

LiCl 

Nal 

LiBr 

Lil 

a/8® 0*079 0*080 

0-082 

0*091 

0*096 

O'lOI 

0*117 


The way in which the lattice energy behaves at the polarizability a = 2-1 A® 
shown above in Fig. 4 and 5 might fit the case Nal. 

The anion is the chief determining factor for the values of the mean 
polarizability. On the other hand, the denominator of the quotient a/8® 
is the lattice constant 8, which has especially low values for salts with 
small (strongly polarizing) cations. Therefore, the most strongl}^ defined 
polarization sub-structures in the surfaces are to be expected in salts with 
large anions and small cations. 

Decrease in Symmetry in Individual Faces. — It must be assumed 
that the decrease in symmetry in individual faces will show itself externally 
in some way in the physical properties of the faces. No direct method 
for the determination of surface structures exists, however, as yet ; it is 
known that when electron diffraction is brought about, space lattice regions 
of con.siderable thickness are always involved. Clues to a decrease in sym- 
metry in the surface are given by numerous experiments using the etching 
method,® in which a lower symmetry actually was found than that corre- 
sponding to the space lattice. But up to the present, no clear connection 

• Brauns, N. Jahrb. Miner,, 1886, i, 224 ; 1889, 1, 121. Rosicky, N. Jahrb. Miner., 
1916, a, 15. 
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with our theory of polarization sub-structures could be established, as 
in the etching method apparently there are too many impredictable conditions 
playing a part. 



Fig, 6 a. 



Fig. 6 b. 



Fig. 6 alb. 


Reorientation Processes ; Decrease of Symmetry of the Habitus.— 

It can be seen from Fig. 5 that the different sub-structure types of the 
(ooi)-face are in fairly keen competition with one another from the stand- 
point of energy (ordinate scale io~^® erg/ion pair). One must further note 
that each type of structure possesses four possible forms (e.g., orientation 
of the chain lattice in the x- and y-direction). It must be assumed that 
spontaneous reorientations take place b<>tween the different structures. 
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It is possible that, as co-operative processes, such changes would require 
considerable energy of nucleus formation or activation. As a result the 
frequency of such reorientation processes would be dependent upon 
temperature. 

As the molecular structures are especially well defined on the edges, as 
was shown above, there should be the fewest reorientation processes taking 
place there. Thus the edges function as nucleus-forming centres, i.e., they 
determine the structures of the adjacent parts of the faces, and the most 
favoured are chain lattice structures of the type (a) (Fig. 6 a) with the chain 
running perpendicular to the edge. 

If one considers the complete cubic 
crystal-body, it is conceivable that parallel 
sub-structures will be formed on the cube 
faces of a zone through mutual influence 
across the common edge. Such a case is 
shown diagrammatically for the zone 
{001} in Fig. 7. According to the tem- 
perature, a more or less frequent change in 
structure will set in on the two faces which 
do not belong to the zone, and this can 
also lead to occasional reorientation of the 
complete zone structure beyond the edge, 
but on the whole the parallel surface 
structures of the faces of the zone in 
question would be especially stable. The 
difference in the degree of orientation of 
the two faces could perhaps show itself 
in their growing and adsorption properties^ 
by which a lower symmetry of the whole 
crystal body (crystal habitus), in this case 
a tetragonal fonn, could be simulated. 

Nothing like this is known up to the 
present for the rocksalt lattice, but an 
analogous case might be found in the 
cubic space-centred lattice of crj^stallized 
ammonia. The growth form here is the 
rhombic dodecahedron. In the presence of pectic acid, crystallization in 
long needles ’ was observed. 

Influence of External Forces ; Tensile Strength.® — There is no 
doubt that surface structures are sensitive to the effect of external forces, 
in which, incidentally, one may include the forces which proceed from an 
adsorption layer or a neighbouring phase, mentioned in the previous example. 
Tangential electric fields, for example, would probably favour the structure 
types (c) and [d) of Fig. 2 which possess a tangential electric moment, from 
the standpoint of energy. This might express itself in dielectric or optical 
anomalies, unless the effects are too small to be observed. 

If one submits the crystal to a tensile force in the direction of a cube 
edge, the tendency to form molecular lattice structures in the edges and 
faces running parallel to the direction of the force will increase greatly 
with only a small stretch. Molecular cracks, perpendicular to the direction 
of the force, are thus produced in the surface. It is conceivable that at 
a certain tensile force, which lies far below the theoretical tensile strength 

^ Ehrlich, Z. anorg, Chem,, 1932, 003, 26. 

• Stranski, Ber*, 1942, 75, 1667. 
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of the infinitely extended crystal, these surface cracks will extend further 
into the inside of the crystal. The cracks produced would coincide with the 
breaking-faces of the crystal. Thus the presence of atomic sharp edges 
would be a decisive factor for the lowering of the tensile strength, compared 
with the theoretical value, as is actually confirmed experimentally. The 
experimental data of the Joff6 effect • are in agreement with this, namely,. 



Fig. Sb. 


if the edges are removed by superficial solution of the crystal, the tensile 
strength (that is, its upper limit in a great number of experiments) increases 
until almost at the theoretical value. With a renewed growing process 
(new formation of the atomic sharp edges) the tensile strength again greatly 
decreases. 


• Kirpitschewa and Lewitzky, 2 ^. Physik, 1924, 286. 
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By carrying out the necessary calculations, we have convinced ourselves 
how the surface structure of a superficially dissolved crystal might be 
expected to behave. This is known to consist of numerous atomic cube face 
steps. It was found that the ion chain which forms the steps does not 
exercise a directing influence upon the chain structures of the two adjacent 
parts of the face, as does the edge. The crack structures produced in the 
face are isolated to a certain extent by the steps. This result could be 
supported by means of calculations on the equilibrium structure of the 
(oii)-face. This might be taken as representative for the structure of 
the superficially dissolved surface, as it is made up exclusively of atomic 
cube steps. The only sub-structure types of the (oii)-face which come into 
question are shown in Fig. 8 a, b. The calculation of the lattice energy 
shows that the t 5 q>e A is 2 X lO"^^ erg/ion pair more stable than type b. 
The distortion parameter (defined accor^g to Fig. 8) amounts in equilibrium 
to 8 % for NaCl, 20 % for Nal. Thus for the (oii)-face it would seem 
that surface structures will be chiefly formed in which the molecular surface 
cracks do not lie in the track of possible breaking surfaces, as is the case 
in type b. In the more stable type a, on the other hand, the surface cracks 
follow [lii], i.e., in the track of rhombic dodecahedron faces; these are 
possible sliding-faces of the crystal. This could explain the increase in 
plasticity of superficially dissolved crystals. 

From our considerations, however, we are not able to produce a mathe- 
matical theory for the cracking. Among other things, the influence of 
statistically distributed lattice disturbances would have to be included. 
But it seems certain to us that structural irregularities in the surface will 
have to be taken into consideration in any exact theory of the future. 

Considerations Concerning the Justification of the Assumptions 
Made. — One objection which could be made to our way of calculating 
refers to the use of the linear polarization expression, 

p = olE, 

This is known to be valid for homogeneous fields and small field intensities 
only. It is certain that neither of these conditions are fulfilled in crystal 
surfaces. 

Estimates as regards energy, which refer to alkaline halide molecules,^® 
give cause for the assumption that, in reality, the share of the polarization 
energy in the total bond energy is considerably greater than the share 
calculated from the polarizability in the homogeneous field. If one subtracts 
the energy of repulsion, calculated from crystal lattice data, from the energy 
of dissociation known from spectroscopic data, and makes a correction for 
the effect of van der Waals’s forces, the remainder is more than twice as great 
as the classic polarization energy. The term remaining contains the 
quantum-mechanical mutual effect of the electron-clouds, which is difficult 
to estimate, but it can scarcely be assumed that this is very great. It can 
therefore be assumed that in the mutual effect of the ions in a crystal surface 
also the polarization share is still greater than that calculated by us 
according to the classical method. The data which we give for the surface 
distortions probably represent, therefore, a lower limit of the structural 
deviations realized in nature. 

Institut fur Physikalische Chemie und Elektrochemie, 

Berlin-CharloUenburg 2, 

Hardenbergsirasse 34, Germany. 


Hellmann and Pschejetzkij, Acta Physicochim., 1937, 7 . 621. 



CRYSTAL GROWTH AND SURFACE STRUCTURE 

Part I 

By W. K. Burton * and N. Cabrera 
Received i$th February, 1949 

Introduction. As a preliminary to the study of the rate of growth of 
crystals, we consider in Part I of this paper the influence of surface structure 
on the rate of advance of the growing surface. If, for the time being, we 
confine our attention to crystals with perfect lattices, it is found that crystal 
surfaces can be divided into two classes, {a) close-packed f surfaces and 
(b) non-close-packed or stepped ” surfaces, which possess essentially 
different properties. A surface is close-packed if, when it is as flat as possible, 
all the surface molecules are at the same distance from a plane parallel 
to it ; in all other cases the surface will present a stepped appearance, as in 
Fig. I, the height of each step being of molecular dimensions. By way of 
illustration, in the simple cubic system (100) surfaces, (in) surfaces and (no) 
surfaces are close-packed, all other surfaces are stepped. In a stepped surface 



the terraces in Fig, i are pieces of close-packed surface. In the case of a (iwo) 
surface of a simple cubic crystal, the terraces will be (100) surfaces. This 
point of view is fruitful because it can be shown that for a stepped surface 
the portions between the steps play almost no part in growth phenomena at 
low supersaturations. In fact, deposition on a close-packed surface can 
only take place by surface nucleation : small ** islands of molecules 
collect on the surface and grow so as to produce a new layer, a process which 
is very slow at low supersaturations. On the other hand, deposition on 
the edge of a step A (Fig. i) can take place without there being a linear 
nucleation process. Hence the growth problem for a stepped surface is 
essentially solved, once the corresponding problem for steps has been solved. 
If a crystal grows at all, some kind of steps must exist at some time in the 
surface. These steps may be of the kind already mentioned, or they may be 
boundaries of two-dimensional nuclei. Growth essentially depends on the 
existence of kinks in these steps. Easy growth is guaranteed if these 

* Seconded from I.C.I., Ltd., Butterwick Research Laboratories, The Frythe, Welwyn, 
Herts. 

t Note that our definition of “ close-packed ** differs somewhat from current usage. 
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kinks are always present, and this criterion can be reduced to the question of 
the existence of kinks, when the external concentration is the equilibrium 
value. For if kinks are present at equilibrium, then when the external 
concentration is raised there are already suitable deposition points available. 
If there are no kinks at equilibrium, then these must be created, and a large 
hindrance to growth appears. It can be shown that the concentration 
of kinks in a step in equilibrium is high, and that the concentration of kinks 
in a close-packed surface at equilibrium is negligible. This again speaks 
in favour of our classification of surfaces into stepped and close-packed 
surfaces. 

In this paper we are concerned with the equilibrium structure and rate 
of growth of an infinite surface. It is, of course, clear that an infinite surface 
is in equilibrium with the same external concentration (e.g., vapour concentra- 
tion) whatever the surface. A finite surface will not be in equilibrium in 
the same sense as in the case of an infinite surface, and consequently, in 
general, some change will tend to take place. But changes of orientation 
can take place only by means of processes which occur at the boundary of 
the surface, and hence for a surface of observable size the change will occur 
at an unobservably slow rate, the associated relaxation time tending to 
infinity with the size of the crystal. Therefore, if we confine ourselves to 
a region on a finite surface which is almost flat, then its structure will be the 
same as that in an infinite surface having the same orientation. 

The two basic equilibrium problems are now (a) the equilibrium structure 
of an infinite step, and (6) the equilibrium structure of an infinite close- 
packed surface. 

0 





The Infinite Step. Consider then, a semi-infinite layer of molecules 
on an infinite close-packed plane crystal surface bounded by a connected 
line. This we call a step : it can have any mean direction. At T = K, 
the step will be perfectly straight, but as the temperature is increased it 
will consist of a number of kinks,*' separated by certain distances as in 
Fig. 2, a certain number of adsorbed molecules (A) and a certain number 
of holes (B). We need to know only the concentration of kinks to form a 
picture of the mean structure of the step. This idea, introduced by Frenkel ^ 
simplifies the treatment of the problem very much : we call the kinks 
“ Frenkel kinks '* (F.k.). It is clear that the concentration of kinks in a step 
will depend on its orientation, and that there will be orientations for which 
the number of kinks is a minimum. For instance, for the (ooi) face of a simple 
cubic crystal, the (lo) steps will have the smallest number of kinks. This 
minimum number will tend to zero with T. Accordingly, if we can show that 
a (lo) step contains a large number of kinks at T>o under equilibrium 
conditions we know that steps of all orientations also contain a large number 
of kinks. 

If we use a simple cubic model with nearest neighbour interactions (Kossel 
crystal) it is easy to find the equilibrium concentration of adsorbed molecules, 

1 Frenkel, J. Physics, U.S.SM., 1945, 9, 392. 
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holes and kinks in a (lo) step. Let the energy of interaction between neigh- 
bouring molecules be 9. Then the energy necessary to form an adsorbed 
atom in the step (Fig. 3) will be 9. The energy to form a hole is also 9, since 
an energy 29 is required to form a hole and an adsorbed molecule. The 
energy to form a Imk is, however, only ^9, since from Fig. 4 and Fig. 5 
only an energy 29 is required to form four kinks. There is no change in 
energy in going from Fig. 4 to Fig. 5. The numbers of positive and negative 
kinks (Fig. 2) are, of course, equal. We conclude that the probability for 
having a hole or an adsorbed molecule at a given place on the step are both 
given by 

n = exp (- <fjkT) . . . . (i) 

and that the probability for having a kink at a given place on the step is 
given by 

«+ = n- = exp (— 9/2kr) . . . . (2) 

If T ^ 600° K and we take a t5qDical value of 9 as 0-2 eV, we find that there 
is a kink for every ten molecules in the step, and an adsorbed molecule or 
hole for every hundred molecules. 

We have, of course, simplified the problem very much : there is a con- 
siderable probability for the existence of kinks of multiple height, particularly 
for steps which deviate a great deal from the [10] direction (in the simple 
cubic case). The complete theory has been developed elsewhere.^ 


Fig. 3. 



Fig. 4. 


Fig. 5. 


In view of the fact that steps of different orientations have different 
concentrations of kinks in them, the edge-free energy per unit length of a step 
varies with the orientation and is a minimum for the (10) step. It might 
be thought that steps other than (10) steps are not in real equilibrium and 
that there must be a tendency for these steps to change into (10) steps. 
If we are considering infinite steps, this conclusion would be erroneous, for 
it can be shown that steps of all orientations are in equilibrium with the 
same external concentration of molecules, despite the fact that the concen- 
tration of Frenkel kinks varies with the orientation. 

Frenkel ^ has treated the kinetical problem of the transformation of any 
step into a (10) step, assuming on energy grounds that the others are not 
in equilibrium. He obtains in this way a time of relaxation independent 
of the length of the step. This result is incorrect because the ** torque " 
which applies to the steps not in a [10] direction is evaluated by Frenkel 
by taking the derivative of the potential energy with respect to the orienta- 
tion angle. But his formula contains only points corresponding to the 
equilibrium positions of the steps, and not the intermediate non-equilibrium 
positions through which the step would have to pass in order to change at 
In fact for an infinite step, each equilibrium position is surrounded by 
infinitely high potential barriers which cannot be surmounted. 

For a finite step, the situation is different. Such a step can only be 
in equilibrium with a supersaturated or undersaturated external phase^ and 
then the equilibrium is unstable and subject to stringent restriction^ as 
regards shape. The sharper the comers of a finite step, the greater the 


Burton and Cabrera (to be published elsewhere). 
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rate of evaporation, and an arbitrarily oriented step tends to become a 
(lo) step during the evaporation. The time required for this process to take 
place increases with the length of the step, because the processes which 
permit the transformation occur only at the comers. 

It must not be thought, however, that all the considerations which apply 
to kinks in a step apply to steps in a surface. It is still true that surfaces 
of all orientations are in equilibrium with the same vapour concentration in 
the same sense as for steps, but the fact that for some surfaces the concen- 
tration of steps is large does not imply that double steps, treble steps, etc., 
will be frequent.* The difference between the energy of two single steps 
and one double step is proportional to the step length, and is very large if 
the interactions are not of the nearest neighbour type. Similarly, there is 
no question of steps being formed by thermal fluctuations,* as kinks are 
formed in a step, since the energy of formation of a step is proportional to 
its length and is enormous for long steps. Thus a stepped surface tends to 
become as flat as possible, and at equilibrium, only single steps will appear. 
It follows that the macroscopic steps which have been observed, e.g., on 
metals by Graf,^ on growing crystals have nothing to do with equilibrium 
problems, but are essentially kinetic in origin. If a surface is produced 
with macroscopic steps in it, it is obvious that the rate of approach to 
macroscopic equilibrium is negligibly small and the structure is essentially 
frozen in. 

Close-packed Surfaces. The circumstance which makes stepped 
surfaces so easy to treat is that the steps themselves present a one-dimensional 
problem. In each position on the step we have a variety of possible states : 
occupation by a kink of positive, negative or zero height. Each of these 
possible states can occur independently at each point, and hence the proba- 
bility for the occurrence of a compound state affecting more than one position 
is the product of the probabilities for the individual states at each of the 
individual positions. We have assumed so far that those parts of the crystal 
surface between steps can be ignored, and this assumption is shown to be 
reasonable in the following discussion. However, if there are no steps in the 
surface, which is the normal case in a close-packed perfect crystal surface, 
then we are presented with an essentially different two-dimensional problem. 
We assume that in the close-packed surface of a crystal there can be 
differences of level, i,e., that jumps can occur in the surface. The presence 
of jumps provide suitable places for evaporation and condensation, provided 
that the jumps are not due merely to the presence of adsorbed molecules 
and holes. The problem is to estimate the number of jumps at equilibrium 
as a function of temperature. 

In this case the jumps themselves cannot be assigned independently, 
since it is possible to have twice as many jumps in a surface as there are 
molecules. Fig. 6 shows a picture of part of a surface ; the small squares 
represent molecules seen from above. The heights of these molecules above 
some arbitrary plane can, of course, be assigned independently, but the 
distribution of jumps across the full lines in the figure cannot. For suppose 
we start at the molecule A and follow any closed path such as ABCDEF, 
then although we can have any jump we choose between neighbouring 
molecules on this path, providing we do not close it, the necessity for finishing 
at A at the same level at which we started implies that the magnitude of 
any jump on a closed path must be fixed by the magnitude of the others. 


* Graf, Z, Elektfochem,, 1942, 48, 18 1. 

* At least, if the interactions are all attractive. 
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So there are innumerable sets of relations, corresponding to all the closed 
patl^ on the crystsd surface, between the jump probabilities. In fact, to 
specify the probability for the existence of a jump at a given p>oint involves 
the knowledge of the state of the surface at every other point. So we are 
faced with a so-called co-operative phenomenon. This makes the Frenkel 
kink picture employed previously almost unworkable. We must therefore 
look for some other method. 

We have made preliminary calculations on the basis of a model which 
is somewhat oversimplified : we suppose the levels in the crystal surface 
to be capable of two values only. The method employed is that due to 
Montroll,* Kramers and Wannier,« Onsager,® Onsager and Kaufman ’ and 
Wannier,® originally devised for the treatment of ferromagnetism, using the 
two-dimensional Ising model. Just as there is a transition or critical tem- 
p>erature associated with an infinite sp)ecific heat in the case of the two- 
dimensional ferromagnet, so there is in the case of this crystal surface model. 



The problem is to find the increase in potential energy of the surface 
due to the presence of jumps in it. The mean number of jumps can then 
be found. If the surface of the crystal were perfectly flat we should say that 
the surface potential energy, for example, of the (loo) surface of the Kossel 
crystal per molecule was 91/2 in the nearest neighbour model, corresponding 
to one unused ** bond " per molecule, which we can imagine as sticking out 
perp)endicular to the crystal surface. If, however, the surface is not flat, 
then there will be additional unused bonds sticking out parallel to the 
surface, and each of these bonds will contribute 9^/2 to the potential energy 


* Montroll, /. Chem, Physics^ 1941, 9 , 706. 

* Kramers and Wannier, Physic. Rev., 1941, 60 , 252, 263. ♦ 

* Onsager, Physic. Rev., 1944, 65, 117. 

’ Onsager and Kaufman, Report Int. Conf. on Fund. Particles and Low Temperatures 
(Cambridge, July, 1946), Vol. II. : Low Temperatures, Physical Society (1947). 

* Wannier, Rev. Mod, Physics, 1945, 17, 50. 
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of the surface. If we take our zero of energy to correspond to a flat surface, 
then if we evaluate the potential energy per molecule of the surface at 
Equilibrium and divide it by 91/2 we get a figure for the number of unused 
bonds in the surface which are parallel to it. This figure, s, represents the 
'' roughness " of the surface. This is the quantity we aim to evaluate as a 
function of temperature. We expect it to go from 0 to i as T goes from 
O to 00. 

The crystal surface model we are considering is equivalent to a square 
lattice of units which we call atoms capable of two states which we designate 
by + I and — i. If two neighbouring atoms have the same state their 
interaction energy is zero, otherwise it is 91/2. The first possibility describes 
the two molecules in the crystal surface when they are at the same level, 
the second when their levels are different. For the sake of generality we 
assume, following Onsager, that the interactions can be different in the two 
directions [10] and [oi] : in the case of the (100) surface we shall equate 
them. 



The problem is solved by studying the effect on the partition function 
for the surface by adding an extra row of molecules. The final result is, for 
the (100) surface 

s = I — J (i + 2^2 coth H , . . (3) 


where 


H = 9i/2kr ; ^2 = 2 tanh^ H •— i ; 




do> 

(i - 


ftx* + V = I 


( 4 ) 


Ki is the complete elliptic integral of the first kind. A graph of s against T 
is shown in Fig. 7 (a). The curve possesses a vertical tangent aX T = 
given by == I or A, = 0, i.e., by sinh Hc = i . 


He — rpi] 2 kTc = In cot g ~ 0-9 . . . (5) 

If we had assumed the jumps to be independent, the result would have been 

• • . ( 6 ) 

> TX/ / 

which gives rise to curve b in Fig. 7. 


I + exp (— <pj2kT) ’ 
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In the absence of square synunetry, Onsager • ’ has shown that that 
preceding condition becomes 

sinh He sinh = i , {He' — fJzkTe) , . • ( 7 ) 

so that we can apply om result to the (no) surface of our model. In the 
case of this surface we have a rectangular lattice with energy of interaction 
fi /2 in one direction and <pj/2 in the other, where (pg is the strength of the 
second nearest neighbour interaction. Consequently, if the second nearest 
neighbour interactions are small enough, the critical temperature can be as 
low as we like. 

The value of Tc has been worked out for all surfaces in the symmetrical 
case.0 The result is gd H, = ir/Z (8) 

where gd x is the Gudermannian function, and Z is the number of nearest 
neighbours in the surface, of a given molecule in the surface, when it is as 
flat as possible. There are three cases : {a) surface lattice triangular, Z = 6 ; 
(6) surface lattice square, Z = 4 ; (c) surface lattice hexagonal, Z = 3. 
For these cases we have respectively from (8), 

exp { 2 Hc) == 3 , .... (9) 

sinh Hc = 1 » . . . . (10) 

cosh He = 2 . . . . . (ii) 

Eqn. (9) enables us to give the critical temperature for the (in) face of a 
simple cubic crystal. The surface in this case has a triangular lattice and the 
nearest neighbour interactions in the surface are due to the second nearest 
neighbours in the crystal lattice. From {9) we get 

2Hc == ^ i*i . 

In Table I we give Tc under the assumption that 9^ = 0*2 eV, 91/92 = 8. 
If T is much below the concentration of jumps is almost entirely due to 
the presence of adsorbed molecules. 

We see that the critical tem- 
perature gives the boundary 
separating the regime where the 
jump concentration is negligible 
and surface nucleation is re- 
quired for growth, T<Tc, from 
that regime T>Tcy where the 
jump concentration is high, and 
no nucleation is required for 
growth. If T>Tc the surface 
will grow rapidly and disappear leaving only the slow growing faces for 
which T<Tc. At ordinary temperatures then, the transition phenomena 
will only occur for non-habit faces. 

Broadly speaking, we have shown that close-packed surfaces will not 
grow at low supersaturations (see Part II) because of the need for surface 
nucleation. However, we have assumed that the crystal lattice is perfect. 
It is clear that the structure of a close-packed surface at equilibrium is 
extremely sensitive to lattice imperfections, and as Frank ® has pointed out 
the presence of a few dislocations terminating in the surface ensures the 
presence of suitable sites for condensation or evaporation. In fact, disloca- 
tions again produce a stepped surface. The perfect close-packed surface will 
rarely, if ever, occur in resdity. . 

H. H. Wills Physical Laboratory, 

University of Bristol. 

• Burton, Cabrera and Frank, Nature, 1949, lis, 398. Frank, This Discussion. 
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Lattice 

Surface 

Tc 

f 

(100) 

1000° c 

Simple cubic . . . . 

(no) 

400® c 

1 

(in) 


Face-centred cubic . . 

(in) 

1700® c 
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Part II 


By N. Cabrera and W. K. Burton* 

1. Introduction. In Part I of this paper we studied the microscopic 
equilibrium structure of crystal surfaces and distinguished two kinds, stepped 
surfaces and close-packed or saturated surfaces. This second type is essen- 
tially the same as the first one, when the temperature is above a certain 
critical value. Below this temperature the close-packed surfaces behave in 
quite a different way. 

In Part II we treat the kinetic problem of the growth of these surfaces 
from the vapour ; in all cases it is necessary to consider the diffusion of 
adsorbed atoms on the surface of the crystal. First, we treat the growth 
of stepped surfaces ; quantitative formulae are given as a function of the 
inclination. The growth of close-packed surfaces below their critical tem- 
perature by the mechanism of two-dimensional nucleation is also considered. 
Treatments of two-dimensional nucleation have been given by several 
authors, especially by Becker and During,^ neglecting the effect of the 
diffusion of adsorbed atoms. We discuss in this paper the influence oi this 
diffusion and we show that in spite of the fact that the predicted rate of 
growth is perhaps different from that given by Becker and Doring, it will 
certainly not account for the experimental fact that in the small number 
of cases where a critical supersaturation for growth has been observed, it 
is of the order o*oi at most. Finally, a treatment of the initiation of growth 
of an imperfect crystal containing a random distribution of dislocations is 
given, and is shown to be in agreement with experiment. The results of 
this work will be given here in a preliminary way ; the complete treatment 
will be published elsewhere. 

2. Growth of Stepped Surfaces. In Part I we showed that each step 
in the surface contains in equilibrium a very high concentration of Frenkel 
kinks, much higher than the concentration of adsorbed atoms in the edge 
of the step. The equilibrium concentration of adsorbed atoms on the surface 
is 

(I) 

where a is the interatomic distance and Ws the evaporation energy from the 
step into the surface. 

\^en the vapour pressure is increased by a factor a (saturation 
ratio = a ; supersaturation = a — i), the concentration of adsorbed atoms 
remains practically equal to that in equilibrium near the steps, because of 
the high concentration of Frenkel kin^ in them. The saturation ratio as 
on the surface increases from the value i near the steps to a maximum 
value between the steps. The current of atoms condensing into the steps 
will be controlled essentially by the diffusion of adsorbed atoms on the 
surface. 

1 Becker and During, Ann. Physik, 1935 , *4» 7^9* 

♦ Seconded from I.C.I,, Ltd., Butterwick Research Laboratories, The Frythe, Welwyn, 
Herts. 
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The actual variation of a., can be obtained solving the corresponding 
diffusion problem, the result being 

— • • • w 

where xa is the distance counted from half-way between the steps, 2 Xoa 
is the mean distance between them, and 

^^==exp{^{W,^U)lkT}. ... (3) 

Wx being the energy necessary to take an adsorbed atom from the surface 
into the vapour (W = Ws + Wx is the total evaporation ener^) and U 
the activa 4 :ion energy for diffusion on the surface. Therefore is the ratio 
between the probabilities for an adsorbed atom to evaporate into the vapour 
and to diffuse on the surface. Usually Wx > U ; if C 7 is very small, p will 
also be very small, and the concentration of adsorbed atoms on the surface 
will be practically uniform and equal to that in equilibrium, unless Xo is very 
big. As U increases the non-uniformity on the surface becomes more 
important. If Wx < U, the diffusion on the surface does not play any role, 
the condensation into the steps takes place directly from the vapour. We 
do not think that this is likely to occur. 

In order to illustrate the values that p can take, let us consider a face- 
centred cubic crystal with a stepped surface consisting of terraces (i, i, i) 
and steps in any direction, and let us call 9 the interaction energy between 
nearest neighbours. Then Wx 39 and [7/^9, therefore 

P == exp { — 9/fcr} ^0-05, 

if, e.g., (pjkT 

The current j of atoms condensing per sec. per cm. into each step will be 
equal to the current of atoms condensing from the vapour on the surface 
between two steps ; therefore, from (2), 

= 2-e-'’'/‘r.Jtanhp;^o. ... (4) 

CL p 

where v is the frequency of vibration of the adsorbed atoms. The velocity 
of advance of the steps, 

V = a^j, 

will be a function of the distance between steps. For ^oP<i the velocity of 
the steps is proportional to the distance between them ; as Xq increases 
above p \ r tends to a maximum value given by 

= 2(a - i)va exp{ -- (W + Ws + U)l 2 kTl . . (5) 

which represents the velocity with which a single step would move. For 
the example considered above 

exp{ - (W + Ws + U)lkT} = exp{ -- s^jkT} ; 
putting V 10^2 sec.”^, a cm., (p/kT ^ 3 ^ and a — i ^ IO~^ we 

get 10*^ cm./sec. 

The total current J of atoms adsorbed per cm.^ per sec. is 

J-Nj. 

where N = ijzx^A is the number of steps per cm., therefore 

7o = (a - I) ... (6) 

/ = 2 iVa 7 o/p . . ( 7 ) 

For values of Na ^ p, the current J will depend on the distribution of 
steps in the surface. The curve. Fig. i, has been calculated assuming a random 
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distribution. For Na and Na the stepped surface transforms into 
close-packed surfaces of quite different character (see § 3 ). We see that the 
rate of growth of stepped surfaces is practically given by formula ( 6 ), down 
to small values of Na. 



Fig. I. — Rate of growth of stepped surfaces as a function of the number N of steps 

per cm. 

Recent experimental work by Graf,^ and Mahl and Stranski,® suggests 
that the stepped surfaces present a striated structure during growth from 
the vapour, the distance between the striations being of the order of lo"^ cm. 
We showed in Part I that this striated structure cannot be in equilibrium 
with the vapour, the surfaces always having a tendency to be as flat as 
possible. We believe that the formation of these striations has an essentially 
kinetical character and is probably related to the fact that the velocity of 
displacement of the steps is a function of the distance between its nearest 
neighbours, A correct theory has not yet been obtained. 

3. Growth of Close-packed Surfaces. Let us consider now the surfaces 
without steps. The surfaces with small indices will correspond to this type. 
We considered in Part I the equilibrium structure of these surfaces, and we 
have shown that they will remain practically flat if the temperature is below 
a certain critical temperature, but they will contain a considerable number 
of Frenkel kinks if the temperature is above it. It is easy to show that for 
close-packed surfaces above their critical temperature the rate of growth is 
again given by ( 6 ). This type of surface can occur, for instance, as the limiting 
case of a stepped surface when Na i. 

Surface Nucleation Process. — ^Let us now consider the growth of 
habit surfaces, where Frenkel kinks do not occur. A long time ago Gibbs, 
and kter on Volmer, suggested that the growth of these surfaces requires a 
two-dimensional nucleation process. 

The theory of nucleation, especially in the case of formation of three- 
dimensional liquid or solid nuclei from the vapour, has been developed by 
Volmer,* Stranski ^ and Becker and Doring.^ In that case the diffusion in 
the vapour plays a small role and the supersaturation is practically the 
same ail over the volume. The tendency for small nuclei to evaporate is 
very big and the supersaturation required for them to grow has to be high 


* Graf, Z. Elektrochem., 1942, 48, 181. 

* Mahl and Stranski, Z. Metallkimde, 1943, 35, 147. 

* Volmer, Z, physik. Chem., 1926, 219, 277. 

* Kaishew and Stranski, Z. physik. Chem. B, 1934, 3 I 7 » 
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(a — I of the order of 4). The number of nuclei of critical size formed ger 
sec. per cm.® turns out to be of the form, 

/ = S e-^/fcr .... (8) 

where B ^ 10®® cm.“® sec.~^ and A is the increase in free energy necessary 
for the formation of a nucleus of critical size ; A is tremendously high for 
all values of a smaller than 4. 

Frenkel ® and Becker ’ applied the same ideas to cases in which there is 
a diffusion of the atoms condensing into the nuclei, such as occurs in precipi- 
tation in a supersaturated alloy. They assumed that the only change in 
formula (8) to be made in this case is to multiply by a factor exp( — U/kT), 
where U is the activation energy for diffusion. Actually this assumption 
is not entirely correct ; it implies that the supersaturation is the same all 
over the volume, which is not true if diffusion exists. 

The surface nucleation required for the growth of habit surfaces can be 
treated in a similar way, and the diffusion of atoms on the surface has also 
to be taken into account. 

Before studying two-dimensional nucleation, let us consider the growth 
of a single nucleus on the top of a habit face. We assume a circular shape of 
radius pa; if jjl is the number of atoms contained in it, 

9 = V [ijn. 

If the total energy of a nucleus of jx = Tip® atoms is 

Tzp^Ws — 27rpY, 

where y is the edge energy per atom, the mean evaporation energy from the 
nucleus is 

fr(p) = - (y/p) .... (9) 

Let a be the supersaturation ratio in the vapour ; assuming the nucleus to 
be big enough, it will not change appreciably before a steady distribution 
of adsorbed atoms around it has been formed. Under these conditions the 
diffusion problem can be solved, and the supersaturation ratio oLs(r) on the 
surface around the nucleus is given by 


r < p, uv, ^sy f — ~ j > 

K (^r) * ‘ 

r > p, a ~ a.(r) = [a -- a,(p)] 

lo and Ko are the Bessel functions of first and second kind with imaginary 
argument. as(p) is the supersaturation ratio near the edge, which by 
definition is 

m_ c.iW,+ U)lkT 


[a a.(p)] j (Q . 


r > p, a — a5(r) = [a 


where 


4TCpV 

a/(p) = exp{Y/pftr} 


is the supersatmration ratio which would be in equilibrium with the nucleus, 
and j{p) is the current of atoms condensing per sec. into the nucleus. The 
current is then calculated as the number of atoms condensing from the 
vapour per sec. all over the surface. The result is 

Q-WikT 

}{p) = 4wpv[a - a/(p)] 


• Frenkel, Sowjet Physik, 1932, i, 498. 

» Becker, Ann, Physik, 1938, 3a, 128 ; Proc. Physic, Soc., 1940, 5a, 71. 
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The radial velocity is 

t;(p) = fly(p)/ 27 tp. 

Current and velocity change sign when a = which defines the critical 
nucleus to have a radius pc given by 

Pc = In a . . . . . (12) 

For p < pc the nucleus evaporates, for p > pc the nucleus grows. The 
maximum velocity of growth of the nucleus, for p > pc and Pp > i, reduces 
of course to formula (5). If pc is big, such that ( 3 pc > i, the velocity is 
given by 

*'(p) = ~ p ) ' • • • ■ (^3) 

valid for p > pc. For Ppc < i, the velocity curve becomes steeper near the 
critical size. This is illustrated in Fig. 2. The concentration aj(p) near the 
edge of the nucleus is seen to be practically the same as a/(p) ; it is a little 
bigger when p < pc and smaller when p > p^ The correction increases as 
p decreases but remains small. 



Fig. 2, — Radial velocity of a nucleus bigger than the critical size. 

Now let us consider the current J of atoms condensing per cm.^ per sec. 
on a close-packed surface. In a steady state, when a constant supersatura- 
tion a — I is maintained in the vapour, there will be on the surface a 
stationary distribution of nuclei of different sizes. They grow until they 
collide with other nuclei in the same atomic layer and disappear ; we can 
take this into account by assuming that there is a certain maximum value 
M for (jl. Given the actual distribution there will be a surface super- 
saturation ratio as (x, y), a function of position. The total current J will be 
equal to 

y = .... (14) 

where is the mean value of as all over the surface. When a is very near i, 
the number of nuclei on the surface is small, and therefore most of the 
surface has a supersaturation ratio as a ; consequently as a and the 
current J will be very small. As a increases the number of nuclei increases 
and the mean value a* decreases, becoming as ^ i when the proportion of 
big nuclei is high and the distances between them small. We expect therefore 
that 7 as a function of a will be represented by a curve such as is illustrated 
ill Fig. 3, where the s^aight line corresponds to the formula (6). 

The calculation of as as a function of a is a very difficult problem ; it 
requires, of course, the knowledge of the distribution n^, of nuclei of different 
size as a function of a. Nevertheless for small values of a — i for which the 
current J remains small (region OA in Fig. 3), it can be estimated using a 
method proposed by Becker and Doring ^ which we cannot develop here. 
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We assume that the growth of any nucleus is due fundamentally to the 
condensation of single adsorbed atoms ; this assumption is correct only for 
a small density of nuclei, and therefore when a i is small. Under these 
conditions, the number I of nuclei of any size p formed per sec. per cm.* 
from nuclei |jl — i can be calculated if the ratios ^((JL)/a(fx) of the mean 
probability of evaporation {'([jl) to 
that of growth a{]x) for every nucleus 
are known. The current J of atoms ^ 
condensing per sec. per cm.* is then 
calculated from J ~ IM, where M is 
the maximum value of In general, 

q{li)/a{y.) = a/({x)/a5 (fx), 
the ratio of the supersaturation ratio Q 
which would be in equilibrium with j of growth J as a function 

the nucleus to that actually existing of a — i. 

near it. 

Let us first assume that the influence of the diffusion on the surface is 
unimportant, and therefore as([i.) = a for all nuclei. Under these condi- 
tions one gets for the current J the expression, 

J J^e-iW+l’)lkT ^-ArhkT ^ ^ , ( 15 ) 

where 

Ac = — Tz^c^kT In a + 27 rpcY ~ yhzjkT In a, 
is the increase in free energy necessary for the formation of a critical nucleus. 
The factor J multiplying Ac comes from the calculation of Af, which happens 
to contain a factor exp( lAcjkT) ; this of course is assuming that the surface 
itself is much bigger than M, It is easy to see that expression (15) will give 
a negligible rate of growth, unless a is of the order of 2. Actually, according 
to Volmer and Schultze ® a linear rate of growth is observed above 
a — I ^ io“*. For this supersaturation, taking 

Y ^ 9, and (p/kT ^ 3, 

the exponent in (15) becomes A/^kT 10*, and therefore no growth should 
occur at all. 

Let us now consider the influence of diffusion. This is a very difficult 
problem, for which only a qualitative answer has been found. 

There are two conflicting effects. First of all, the nuclei bigger than the 
critical size, which are therefore on the average growing, decrease the con- 
centration of adsorbed atoms in the neighbourhood of their edge, with the 
result that the current of condensation in these nuclei is now much lower 
than before. On the other hand, the nuclei smaller than the critical size, w'hich 
are in the average evaporating, may tend to increase the concentration of 
adsorbed atoms around their edge, and consequently the probability for them 
to grow further is higher than it was before. From the study of the evapora- 
tion of a single nucleus we showed that there was an increase of concentration 
near its edge. Nevertheless, we do not think that the same considerations 
apply to the assembly of nuclei in the nucleation process. In that case owing 
to the fact that the distribution of nuclei n^^ is a decreasing function of (x 
more nuclei are coming to the size p. per sec. by growth from p. — i than 
nuclei coming by evaporation from p, + i, and this difference increases ^^hen 
p. decreases ; therefore we think that the supersaturation ratio as(p) near the 
nuclei p, must tend to the value a for values of p not very small compared 
with the critical size p<;. 

® Volmer and Schultze, Z. physik, Chem, A» 1931, 156, i. 
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As an illustration, let us suppose that 

as((ji) = a 

for nuclei (x smaller than a certain size [Xo, and 

a,(|x) = 

for bigger nuclei. Then the total current J can be shown to be 


where 


/ = - t-{W+V)lkT Q-AJkT 

a* 


Ao= — Tcpo* *T In a + ZTtpoy , 


(i6) 


is the increase in free energy necessary for the formation of a nucleus of 
size fXo == Trpo®. This formula will give a bigger current than (15) if 
Ao < Acl 3 , therefore if pt© < 0-04 x yic- This is reasonable if we consider 
that for supersaturations of the order a — i ^ lo"^, assuming always 

y/kT ^ <p/A?r 3, 

is of the order 10®. On the other hand, it can be shown that formula (16) 
will accoimt for the observed rate of growth at supersaturations of the 
order lo*'^, only if (jl© < 10 which is certainly too smaU. We conclude from 
these considerations that, in spite of the fact that the diffusion perhaps 
changes the current given by the simple nucleation theory, it does not agree 
with the current experimentally observed. 

Role of Dislocations in Crystal Growth. — ^According to Frank,® 
the surface of any real crystal must contain a certain number of dislocations, 
with a screw component, terminating in the surface and producing steps 
which do not disappear during growth. Under these conditions the two- 
dimensional nucleation is no longer necessary. The current of condensation 
in the special case of a random distribution of these dislocations can be 

estimated in the following way. 

Let us suppose that we have N 
dislocations per cm.® distributed at 
random. We assume also that 
there is practically the same num- 
ber of dislocations of both signs. 
Steps will then exist between pairs 
of dislocations of different sign. 
During growth the coupling be- 
tween dislocations will change, but 
the steps will be formed nearly 
always between neighbouring dis- 
locations of different sign. The 
proportion f(x)dx of steps of length 
between x and x + dx (times the interatomic distance a) will be represented 
by a function illustrated in Fig. 4. If we assume that the steps are always 
formed between two nearest neighbour dislocations of different sign, then 

fix) = 2 (17) 

where xj‘ = - ^ -j . 

Tz Na^ 

Let a — I be the suporsaturation in the vapour. Then all the steps of 
length X bigger than the diameter Xc of the critical nucleus, given by 


A 


f(x) 



Fig. 4. — Distributions of steps of different 
length X between neighbour dislocations 
of different sign. 


2y _ 2y 

*'“fcrina~fcr(a-i)' 


(18) 


• Frank, This Discussion, 
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will grow freely, until they collide with other steps. The length of the steps 
remains always of the order of x. The steps of length x<Xc will have a very 
small probability for growth ; we shall neglect their contribution to the 
total current. 

The current of atoms condensing per sec. into the steps of length x, j{x) 
will also be a function of the distance to the nearest neighbour steps ; never- 
theless, provided the condition ^Xo > i is satisfied (see §i), we can use formula 
(5), that is to say. 

The total current J of atoms condensing per sec. per cm.* in surface will 
now be given by 

■ • • (19) 

^ J Xe 

Fig. 5 illustrates the current obtained from (19) as a function of (a — i) 
and for a given value of N, For Xc> Xo (oc -- 1 very small), J is given by 
the expression 

^ -p I -(?„)*}■ 

where Xo and Xc are given by (17) and (18). For Xc < Xq the current tends to 
a linear law of the form 

• • • (20) 

The critical supersaturation (point C in Fig. 5) for which the current becomes 
practically linear is given by Xo/Xc ^2, 

a — I -^2 X . . . (21) 


J 


Fig. 5. — Rate of growth of a close-packed surface containing N dislocations per cm.* 
as a function of the supersaturation a — i. 

The general shape of the cur\^e represented in Fig. 5 agrees with the 
experimental results of Volmer and Schidtze,® for the growth of iodine crystals 
at 0® C. The critical supersaturation is in their case a — i ^ lO”*, which 
agrees with the value given by (21), taking ^3 and assuming N == 10® 
cm.“^ which agrees with the value generally assumed to explairf the 
mechanical properties of crystals. 

Volmer and Schultze (loc. cit.) observe also a linear law of growth, as a 
function of a — i, for a — i > io“*. The experimental value of the rate 
of growth for a i — lo*** is of the order of 10* atomic layers per sec. 
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Formiila (20) is strictly speaking only applicable to simple monoatomic 
substances ; in order to apply it to complicated structures as iodine, we 
have just to calculate W and v in such a way to account for the saturation 
vapour pressure of iodine. Using the experimental values of Gillespie and 
Fraser,^® one obtains W = 07 eV, v = 0-4 X loi"^ secr^. 

Putting these values, and N ^ 10® cm.***, p /-w io“®, into formula (20) 
one obtains a rate of growth of the order of the experimental value. 

Department of Physics, 

University of Bristol, 

Gillespie and Fraser, J, Amer. Chem, Soc., 1936, 58, 2260. 


THE INFLUENCE OF DISLOCATIONS ON CRYSTAL GROWTH 

By F. C. Frank 
Received lAth February, 1949 

The kinetic theory of the nucleation of new phases, developed especially 
by Volmer,^ by Farkas,* by Kaischew and Stranski® and by Becker and 
Doling,^ indicates that under typical conditions * the self-nucleation from 
vapour of new crystals, new liquid drops and fresh two-dimensional mono- 
layers of molecules on a saturated ” crystal face require respectively 
supersaturations of the vapour by factors of typically 10, 5 and 1*5 respec- 
tively in order to proceed at appreciable rates. Experimentally, the first 
two of these figures are apparently correct : but the third is much larger than 
the actual supersaturation required to cause further growth of a crystal 
already formed. In fact, the existence of a critical finite supersaturation for 
further growth has only been established for a few materials, and then for 
individual faces of individual crystals, being different from case to case ; 
at the most it is about i %. Volmer and Schultze,® who found a critical 
supersaturation of 0*8 % for the growth of an iodine crystal from the vapour, 
interpreted this as the critical supersaturation for two-dimensional nuclea- 
tion : but the quantitative discrepancy is far too great (for details of the 
growth rate formulae, see the contributions of Burton and Cabrera to this 
Discussion). 

However, this discrepancy is not in the least surprising. One ought not 
to expect that any visible crystal will exhibit a completed perfect face 
needing fresh two-dimensional nucleation in order to grow. Investigation 
of the mechanical properties of solids shows that no macroscopic specimen 
ever exhibits the theoretical strength of the perfect crystal ; and this 
enormous discrepancy (a factor of 100, say, and more for good " 


1 Volmer and Weber, Z. physik. Chem., 1926, 119, 277. Volmer, Kinctik dev Phasen- 
bildung (Leipzig, 1939). 

* Farkas, Z. physik, Chem,, 1927, las, 236. 

8 Kaischew and Stranski, Z. physik, Chem, B, 1934, a6, 317 ; Physik, Z,, -16, 393. 

^ Becker and Doring, Ann. Physik, 1935, *4, 719. ^ 

» Volmer and Schultze, Z. physik. Chem, A, 1931, 156, i. 

* Typical conditions may be taken as such that the vapour pressure lies within a 
few powers of 10 of i mm. Hg : or the temperature between about o-«5 and o*8 times 
r*, file boiling point in ° K. 
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crystals) is attributed to the presence of dislocations. In the early stages of 
the development of dislocation theory by Polanyi,® Orowan ’ and Taylor,^ 
only one aspect of the dislocation was recognized, in which the displacement 
direction was normal to the dislocation line. In 1939 Burgers ® drew attention 
to the ** screw form assumed by the dislocation when the displacement is 
parallel to the dislocation line, and the developments of dislocation theory 
by Mott and Nabarro,^® Frank and others emphasize the fact that disloca- 
tion lines can be curved and exhibit any orientation. Fig. i shows {a) 
as a continuous deformation of a plane, (6) in a block model, the form of a 
simple cubic crystal when a screw dislocation emerges normally at the 




(.t>) 


Fig. X. — The end of a screw dislocation. 

cube-face. It is clear that when dislocations of this type are present, the 
crystal face always has exposed molecular terraces on which growth can 
continue, and the need for fresh two-dimensional nucleation never arises. 
If just one dislocation of this type emerges at the centre of the face, that 
crystal face can grow perpetually “ up a spiral staircase.” If there arc two, 
respectively right- and left-handed, we can show that the terrace connecting 
them will grow indefinitely if the supersaturation is raised to such a value 
that the diameter, /o, of the critical two-dimensional nucleus is less than the 
distance between them. More precisely, since the critical nucleus is not 

® Polanyi, Z. Pkysik, 1934, 89 , 660. ♦ 

’ Orowan, Z. Physik» 1934, 89 , 634. 

* Taylor, Proc. Roy. Soc. A, i934, 145, 362. 

• Burgers, Proc. Kon. Ned. Akad. Wet., 1939, 42 , 293. 

Mott and Nabarro, The Strength of Solids (Physical Society, London), 1948, p. i. 
Frank, ibid., p. 46. 
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circular, we should say that growth occurs when the critical nucleus, correctly 
oriented, will pass between two points in the positions of the two dislocations. 
Likewise when a single dislocation is close to the boundary of the face, 
growth occurs if the critical nucleus will pass between the dislocation end 
the boundary. If it will not pass, the terrace rests in a position corresp>onding 
to a portion of the boundary of the critical nucleus (Fig. 2). For rough 
calculations we may approximate the boundary as a circle of radius 
and we have a close analogy to the equilibrium (or non-equilibrium) of a 
bubble at an orifice. 

Measuring in molecular spacings, we have 

lo == (p/kT In a, 

where a is the saturation ratio : since the supersaturation is small, (a — i) 
may be written in place of In a. 9 is the neighbour-neighbour binding energy 
of the crystal. For a rule of thumb we may use Trouton’s rule and take 
(p/kT as 3"5 Tb/T. Thus at an absolute temperature of o-6 of the boiling point 
of the material, and a supersaturation of i %, /o is about 600 molecular 

In the theory of mechanical defonna- 
tion, it is commonly estimated that 
in an annealed metal crystal there are 
about 10® dislocation lines intersecting 
each square centimetre. This appears to 
be the limiting perfection attainable 
in metals, and would be classed, in- 
deed, as high perfection from the point 
of view of X-ray diffraction. (This 
limit may well be connected with the 
impurity content.) This is only an 
order-of-magnitude estimate, and does 
not necessarily apply to other mate- 
rials than metals; but it serves as a 
guide, and suggests that critical supersaturations of the order of a fraction 
of I % are reasonably to be expected. 

We are perforce lunited for quantitative discussion to the case of growth 
from the vapour of homopolar crystals, since the classical nucleation rate 
theory has not been quantitatively developed for any other case. But 
experimental indications, and such theoretical guesswork as we can make, 
suggest that the conditions governing the growth from solution of crystals, 
including ionic crystals, are substantially similar. It is possible, but less 
certain, that the same is true of growth from the melt. Perhaps the most 
distinctively different case is that of the growth, either from vapour or 
solution, of crystals of highly non-equiaxed organic molecules. There are 
indications that in such cases growth proceeds through the formation of 
adsorption films, dense, but differing in molecular orientation from the bulk 
crystd (e.g., liquid, or liquid-crystalline) within which subsequent rearrange- 
ment occurs. 

The general importance of dislocations for crystal growth accounts 
immediately for many observations, such as the individual behaviour of 
each crystal face, particularly on the microscopic scale, leading sometimes 
to such unexpected results as the formation of lath-shaped crystals for a 
lattice of cubic symmetry. 

Under steady uniform supersaturation the terrace attached to an isolated 
growth-promoting dislocation in a crystal otherwise perfect in its neighbour- 
hood will grow outwards in a spiral of which the spacing between turns, and 
the rate of their advance, will be uniform at a considerable distance from 


spacings ; or 6000 at o-i %. 



handed screw dislocations ending in 
a crystal face. 
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the centre. Near the centre the rate of advance must be less, since the radius 
of curvature of the spiral terrace-line must remain less than At given 
supersaturation and distance from other terrace-lines, the rate of advance, 
Vt is an increasing function of the radius of curvature, being o when it is 
and, say, when the terrace becomes straight. Supposing it increased 
very steeply to for a very small increase of the radius of curvature above 
J/o, the inner portion of the spiral would be an arc of a circle of this radius, 
and the spiral would make turns per second. The spacing of turns in 

the outer region of the spiral would then be ?r/o. Actually v will not increase 
infinitely steeply to so that the number of turns per second will be less, 
and the spacing greater, but still of the same order of magnitude : let us 
guess 27t/o. Macroscopically this spirally terraced hill would appear to be a 
flat cone, with its sides inclined at an angle of ^lo radians to the true lattice 
surface — say, i min. for a supersaturation of i %, and in other cases pro- 
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Fig, 3. — The influence of raindom dislocations on crystaljgrowth. 


portional to the supersaturation. We have so far neglected the dependence 
of the rate of advance of the terrace on its direction. On this account, 
instead of a fiat cone, we shall have a more or less sharply defined flat 
pyramid having the symmetry appropriate to the crystal face. 

When growth spreads from an isolated pair of dislocations, respectively 
right- and left-handed, the observable result will be practically the same 
provided that the supersaturation suffices to make lo less than their separa- 
tion. If it is not, no growth occurs at all. If it is, the terrace-line connecting 
them repeatedly spreads out on one side, wraps round, and meets itself 
on the other side : thus forming a short connecting terrace-line again, and 
an outward-growing closed loop. The rate of formation of such loops will be 
the same in order of magnitude as the rate of formation of turns of the spiral 
from a single dislocation. The result will be a flat cone or pyramid indis- 
tinguishable from the previous case. 

In the case that there is a random distribution of dislocations a variety 
of phenomena occur, exhibited pictorially in Fig. 3 (i to 12), In these 
pictures there is supposed to be positive supersaturation, so that each 
terrace makes a curve convex on its cliff side, running from one dislocation 
to another of opposite sense, or to the boundary of the crystal face. The 
supersaturation is supposed to be low, aild fluctuating, so that in general 
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only one terrace-line — ^normally the longest — amoves at a time. In each 
picture the terrace due to move next is specially marked. Shading indicates 
the area covered by fresh growth after picture i. Among points to be 
specially noticed are : 

(i) the holding up of one terrace-line behind another (pictures 2, 8, 9, 
10) or at a dislocation connected to another terrace (9, 10, 11, 12) ; 

(ii) the way in which a close pair of dislocations connecting a terrace 
facing the advancing terrace break it and so impede its passage (many 
examples, especially pictures 4, 6, 6), In these two ways, a dislocation pair 
holding a terrace facing either way is an obstruction to the passage of an 
advancing terrace ; 

(iii) the way in which the obstructions of type (i) are broken down. 

(iv) the relatively impregnable region in the bottom left-hand comer. 
In 6 growth into this region has ceased by obstruction of type (ii) ; a new 
advancing terrace is held up again (at 9) by obstmction of type (i) : but 
this obstmction is more easily broken down, and by 12 all but a small 
portion of the crystal face has increased in thickness by at least one mono- 
layer. A third advancing terrace, now commencing, will finally overrun 
this strong-point : however, a continuous line of closely spaced dislocations 
could be totally impenetrable below a critical supersaturation. 

Obstmction of type (i) requires a little more consideration. One way in 
which type (i) obstmction can break down is the following. Each pinned 
terrace-line holds its equilibrium form by small statistical fluctuations back 
and forth. When two terraces lie together, the lower cannot fluctuate back 
under, nor the upper fluctuate forward over the other. Thus they exert a 
small effective repulsion on each other, and the lower one may be pushed 
beyond the critic^ curvature when the upper one arrives. Secondly, there is 
only a small region of seriously deformed crystal stmeture and hence of 
seriously reduced binding energy for new molecules, in the immediate neigh- 
bourhood of the dislocation. When the two terraces at such a point of 
obstmction face each other at an acute angle, as in pictures 9, 10, 11, only 
a small number of molecules need condense in these unfavourable positions 
to enable the terrace to link across and pass on. If the obstruction arises 
from a straight row of dislocations spaced li apart, this angle becomes smaller 
as lo decreases, diminishing rapidly from I20° when h becomes less than 
2^1. The obstmction will be ineffective when lo is significantly smaller than 
this value. Even when it is greater, a comparatively small number of mole- 
cules (say, 6 to lo) in unfavourable positions suffice to overcome the obstmc- 
tion, so that statistical fluctuations (negligible with regard to obstmction 
of type (ii) ) can be effective. Thus obstruction of type (i) probably only 
imposes a delay rather than a total prohibition of growth. 

In view of this, one might suppose it a particularly important question 
whether the numbers of right-handed and left-handed dislocation-ends in a 
face are equal or not : the surplus of one kind might have very long terrace- 
lines linking them to the boundary. This is not the case for reasonably 
uniformly or randomly distributed dislocations, imless the relative numbers 
are very different. If, in an area A , n dislocations of one kind and m of another 
are formed randomly, like head and tail throws of a coin, the probable excess 
of one kind, n — w, is 1-35 (w -f 1*9 n^l * : but if it does not exceed 

(where n> m) the dislocations linked to the boundary can all be close 
to it, and the longest necessary terrace inappreciably longer than in the 
case n = w, i.e., still of the order of magnitude [Ajnyi*, In a systematically 
deformed crystal it is possible to have n>m, and then there is always a 
terrace-line at least as long as the [m -J- i)th furthest dislocation of the n 
from the boundary. 
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The most important aspect of the t}^ (i) obstruction by a fence of dis- 
locations all of the same kind is that every boundaiy between two crystal 
blocks inclined at a small angle to each other constitutes such a fence (see 
Fig. 4, and Fig. 12 in ref. 9). The distance between the dislocations in the 
fence, measured in molecular spacings, is equal to the reciprocal angle of 
rotation between the two blocks, whether for '' tilt,*' twist " or more 
general boundaries, so long as the angle is small. A possible cause of the 
visible growth terraces sometimes seen advancing over a crystal face is that 
a number of molecular terraces have accumulated behind such a fence, 
and then been set free by a rise in supersaturation : but it is possible to 
think of alternative causes which can bring about the same " bunching ” 
of molecular growth terraces into visible ones. 



Fig. 4.—** Twist ** boundary— a crossed grid of screw dislocations. 


It remains to elaborate the concept of dislocations somewhat, to free it 
from the simplifications introduced by considering only simple cubic crystals, 
with cube faces. In the general case the important property of a dislocation 
is its displacement vector (or Burgers vector). If this vector has a component 
normal to the crystal face on which the dislocation line ends, there will be an 
associated molecular terrace in the face, promoting crystal growth. But 
there is also an important distinction between perfect dislocations, whose 
displacement vectors are lattice vectors, and imperfect dislocations whose 
displacement vectors lead in general from a lattice position to a twin-lattice 

( X I I ^ 

3* 3' — 3 

produced in the close-packed cubic crystal by omission of part of a (iii) 
close-packed plane of atoms. This dislocation cannot glide,^2 must lie 
in its (ill) plane : ending in a (iii) or similar surface, it attaches a mole- 
cular growth terrace in the usual way — ^but every time this growth terrace 
reaches the trace in the surface of the missing plane of atoms, the terrace 
must pause unless there is a definite supersaturation. At this boundary the 
lattice is not continuous but has a translation-twin relationship. Instead of 
the usual 6 contacts per added atom, characteristic of cubic close-packing, 
one row of atoms added at this boundary make 7 contacts each, anithe 
next row only 5. The latter loosely bound row will only be formed at a 
definite supersaturation, or by statistical fluctuation after delay. 

Frank, Proc, Physic, Sac,- A, 1949, 6a, 202. 
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We must give a brief account of the origin of the dislocations which, it is 
suggested, dominate crystal growth. The chief origins which have been 
thought of so far are : 

(i) Surface nucleation of layers in improper (e.g., twin) positions and 
proper positions simultaneously on the same face. Where these meet there is 
a dislocation. It must be remembered that the initial nucleation of the crystal 
always takes place at high supersaturation, much more than adequate for the 
Becker-Doring condition for surface nucleation on a perfect face. 

(ii) Formation of one-dimensional dislocations in the edge row of the 
growing terrace (cf., van der Merwe's contribution to this Discussion). Such 
one-dimensional dislocations have an energy similar to the latent heat of 
evaporation of a molecule, and consequently exist in thermal equilibrium. 
During rapid growth at high supersaturation they can be trapped in an 
edge row, developing into two-dimensional and thence into three-dimen- 
sional dislocations. 

(iii) The development of curvature in the growing crystal owing to the 
presence of impurities (a subject to be treated at length elsewhere). This 
ultimately leads to stress in the surface which demands a certain super- 
saturation for further growth, which can then continue if, and only if, 
dislocations are formed. 

(iv) When systems of dislocations are present (particularly sub-grain 
boundaries) it is probable that the stress they would cause in perfect crystal 
compels the formation of further members of the system in growth : i.e., 
sub-grain boundaries are propagated in lineage structure. 

(v) Aggregation of molecular vacancies into flat collapsed cavities (the 
edges of which are dislocation loops) whenever the temperature of a crystal 
is lowered. This is very likely the process responsible for the intensification 
of X-ray reflection (the so-called establishment of mosaic structure) when 
an organic crystal is plunged in liquid air. 

(vi) Plastic yield under mechanical stress : this is believed not to create 
dislocations ab initio but to multiply those already present.^^ 

These various considerations indicate that the initial dislocations necessary 
for growth are formed inevitably in the conditions needed for nucleation : 
and that to secure the best attainable perfection thereafter we must ensure 
small supersaturation (this involves good stirring, or there will be large 
supersaturation at the comers when it is small at the centre of a face), high 
purity of materials, steady temperature and absence of mechanical stresses. 

The effect which dislocations have upon crystal growth produces a rather 
odd natural selection both of imperfection and perfection in crystals. The 
nucleation stage with high supersaturation makes a population of initial 
nuclei of varied, mostly rather great, imperfection. If growth is now carried 
out at low supersaturation, only a few of these seeds, in which dislocations 
are relatively far apart, will grow. The lower the supersaturation at this 
stage, the fewer and the more perfect the seeds which will actually grow. 
But the completely perfect crystal will not grow in any circumstances : the 
conditions which could cause it to grow would also soon make it imperfect. 


H. H, Wills Physical Laboratory, 
Royal Fort, 

Bristol 8. 



KINETICS OF THE FORMATION OF NUCLEI AND 
STATISTICAL THEORY OF CONDENSATION 

By R. Becker 
Received 25th February, 1949 

In the theory of the formation of nuclei ^ ^ jt has generally been assumed 
that in every gas there exist, in addition to single molecules (Z^ per unit 
volume), aggregates containing 2, 3, « molecules, and if n is not too 

small these aggregates can be regarded as spherical drops containing n 
molecules each. It may now be asked, what is the equilibrium number n of 
drops containing n molecules ? Provided that the vapour is not supersaturated 
there is only one solution to this problem. 

It is possible to treat the problem from a thermodynamic standpoint by 
considering the equilibrium, 

wAi ^ A„, 

or alternatively, kinetically by an examination of the rate of formation and 
disappearance of the number of drops containing n molecules. This may 
occur by means of an aggregate An-i taking up a molecule, or by an aggregate 
An+i losing a molecule. At equilibrium Zn must be a constant. This kinetic 
method of approach is less exact than the thermod5mamic method as it is 
necessary to make certain definite assumptions concerning the rates of 
evaporation and condensation. However, it is superior to the thermo- 
dynamic approach in that it is applicable to systems which are not in 
equilibrium. For example, it is possible to determine kinetically the rate of 
change of Zn with time, and furthennore, the method leads to the solution 
of the problem of the frequency of formation of nuclei as a function of the 
degree of supersaturation. 

About twelve years ago Mayer ^ ^ independently developed a statistical 
theory of condensation which must be regarded as one of the most important 
advances in statistical mechanics made in recent times. Mayer attacked 
the problem in a more general way by assuming that JV molecules occupy 
a volume V and that between any pair of molecules there is a potential 
energy of interaction Vr which depends only upon the distance apart r and 
which rapidly tends to zero as r increases. 

In an original discussion of the general integral of state Mayer shows that 
this may be expressed as a sum of terms represented by the symbols 
W2 .... w; .... ; this series indicates that mi clusters containing I molecules 
are present. Even if the physical meaning of the clusters, which arises in 
Mayer's theory from purely mathematical considerations, is not altogether 
clear, it is important to note that at temperatures which are not too high 
and for values of I which are not too low, the mi terms of Mayer are the same 
as the drop number Zn of the earlier theory. Thus, fundamentally Mayer's 
theory indicates a method of calculation of Zn and in particular for the 
derivation of a numerical factor common to all values of Zn, hitherto 
uncalculated on previous theories. An important confirmation of this 
concept in Mayer's theory is obtained if the potential energy associated ^dth 
the earth's gravitational field is introduced into the general partition function. 
It appears from this that individual clusters behave as particles of mass I 
times the molecular weight in relation to their distribution at various 
heights ; i.e., the large clusters tend to si^k to ground level, 
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A particularly brilliant aspect of Mayer's method is in its application to 
the Einstein treatment of the condensation of helium based on Bose statistics. 
The condensation is generally described as a difficultly conceivable process 
in the moment space but Uhlenbeck showed that it could be regarded as a 
true formation of clusters, analogous to that occurring for ordinary vapours 
in Mayer's theory. 

Even if no energy other than kinetic energy is introduced into the partition 
function the application of the Bose statistics to helium gas shows that an 
effect exists which amoimts to a tendency for mutual attraction between 
the atoms, comparable to a potential energy of interaction, and which leads 
ultimately to the formation of clusters distributed in a gravitational field 
in the normal way. Thus the Einstein condensation may be regarded as a 
particularly simple case of Mayer's theory which has the special advantage 
that all the integrals concerned may be completely evaluated. Unfortunately 
its significance is lessened by the fact that it cannot take into account the 
van der Waals' attraction between the atoms which is decisive for the 
observed condensation of helium.®* The contribution of the theory to this 
particularly important phenomenon, which is so clearly related to the 
existence of helium II, is not so great therefore as had been hoped. 

The Chemical Equilibrium. The methods outlined above may now 
be considered in somewhat greater detail. We shall consider first the reaction 

wAi ^ An 

as a chemical equilibrium according to van't Hoff's method. 

Consider an equilibrium box in which there are Zj single molecules per 
cm.® and Zn drops each containing n molecules ; let this box be connected 
to a vessel containing n mols of A^ at a concentration We shall consider 
the work IT, gained by a single molecule, when n mols of A^ at concentration 
Zx are reversibly and isothermally mixed with one mol of the drops An at 
a concentration Zn°. If this process is carried out in the usual manner 
using semipermeable membranes, so that the reaction takes place within 
the equilibrium box, then 

PT == *r|M log ^ — log . 

This reaction may also be carried out by first compressing the n mols 
from the initial concentration Z^ to a concentration Zsat. (that of the 
saturated vapour over a flat liquid surface), then condensing the vapour to 
a liquid, and finally by producing one mol of drops from the liquid, each 
drop having a surface area Fn. If in this last operation the drops are regarded 
as macroscopic entities, the work done is crFn, where a == surface tension, 
and the total work gained at this stage in the process is therefore 

hTn log — aFn. 

There now arises a difficulty which is characteristic of the whole problem. 
In the above considerations we have arrived at a stage where the drops, 
regarded as macroscopic entities, are situated adjacent to each other, whereas 
in the statement of the problem they were described as gas molecules 
existing at a concentration Zn°. Actually we have departed from a strict 
thermodynamic cycle by considering the individual drops as being formed 
from the liquid one by one. The following solution of the above difficulty 
may be suggested. If Vn is the volume of a drop, it is possible to consider the 
drops situated adjacent to each other as a gas of concentration i/F». If 
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this is permissible then the work gained in reaching the concentration 
Z,^ is — kT log Zn°Vn, hence 


log |£ - log - aF„. 


As IT = then 


Zn = e » . 

If p, the pressure exerted by the molecules, is Z^J^T and the saturation 
vapour pressure, is Zsat. ^ 7 ", then 

If we substitute Kn/n for the somewhat uncertain quantity VtT^ then we have 



in which the factor Kn depends on w in a manner which is not accurately 
known. The total number of molecules is 

N 

N = '^EnZn (2) 

1 

This series converges only when p < p^. For p> p^, however, it diverges, 
Zn considered as a function of n has a minimum value and from this value 
the terms increase indefinitely. The minimum may be calculated in the 
following way. Let tn = radius of a drop containing n molecules ; then 


K « == ^ V = W . t’liq. 

3 

= the specific volume of the liquid) ; hence Fn is proportional to 
and therefore, 

dF __ 2 F _ 2 4 '7Trn ^ _ 2^. 

dn~' 3 « ^ 3 4/3 • ~~ rn 

From this we have ^ 

dlogZ , p , pn , p 

■ ■ < 3 ) 

Here pn is the equilibrium vapour pressure of a drop of radius rn, i.e., 

pn 2 <Tl»iiq. 

log^ = -77^ - • 

P^ *Frn 

Therefore the series of numbers Zn in (i) approaches so closely to zero for 
p <p^ that SnZn converges ; iox p> p^, however, it may be seen from 
(3) that the series has a minimum value for that value of the drop size for 
which the vapour pressure pn is just equal to the given vapour pressure p. 
In the latter case therefore equilibrium is impossible and the kinetic theory 
must be used. 

The Kinetic Treatment. In the kinetic treatment we consider the 
growth and disappearance of the drop separately. Let a© = the number of 
single molecules arriving per sec. per cm.* at the surface of the drop. An, 
and qn = the number of molecules which evaporate per sec. per cm.* 
from the surface of a drop An. The ratio «©/?« is equal to plpn» i.e., 

P = - = e kTr, . 
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The number of processes An occurring per second is given on these 

assumptions as Zn . Fn+i«o, and the number of processes An+i An as 
7n+i . «Fn+x • ?»+i. The excess of the latter number over the former is designated 
by /, where 

J == OoFn+i i^Zn — • jpTx) * 

For the equilibrium condition, / = o, and an expression essentially the same 
as (i) is obtained again for Zn- If, however, p> p^ then all Zn values for 
n>nk may be placed arbitrarily equal to zero (i.e., any nuclei formed are 
removed). The quasi-stationary state where ] is independent of n may 
then be considered. Thus it follows from eqn. (8) that by eliminating all 
the terms Zj, Z, . . . . Z«a a value for ] is obtained, and this may be called 
the frequency of formation of nuclei. Thus for example one obtains 



where A = JctF*, the work which must be done isothermally and reversibly 
to (produce one critical drop. 

Mayer’s Theory of Condensation. In this theory 2\r atoms are con- 
sidered with a potential energy v{r) dependent only on distance and the 
corresponding partition function ^ is 

exp|~-^ + . . + + r,3 + . . . . 

If the integration is carried out with respect to the momentum then X, the 
de Broglie wavelength at a temperature T, may be written as X = h{2nmkTy'^» 
_ E' 

and the term e as i + f{r). Then 

^ = X-3^ J (I +/„) (I +/, 3 ) .... (I +fy ) .... dr, .... dr,,. . (4) 

The f{r) values only differ from zero for small values of r. If therefore an 
integral such as ^ 

j /i*/23<i''A,dr3 

has to be evaluated, then the integration may be performed firstly for a 
given Ti from o to cx) over and r^. Only the last integration over fj contains 
the volume factor V. In separating the terms in (4), all those may be taken 
out in which, for example, the first three particles form a cluster at / = 3. 
These terms will be the ones containing the factors f 12/23 or f 12/13 or /12/13/28 
and in which the indices i, 2, 3 do not otherwise occur. From the sum 
of all these terms a factor 

^3 ! h = (/12/28 + /12/13 + /is/aa + /la/aa/si) ^ . (4^) 

may be split out where the term 63 is defined so that it no longer contains 
the volume. 

From the sum remaining after the elimination of this factor the terms 
containing /^^ 5 and in which the indices 4, 5 do not otherwise occur may be 
extracted. Proceeding in this manner may finally be split up into 
terms where the individual sums are represented by : 

m^ clusters containing i atom, 

^2 ** ,, 2 atoms, 

,1 ,» I n 



( 5 ) 
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With h defined by 

Vl\be = \ {/x*/a . . . + }drx . . . dr, . . ( 6 ) 

for the contribution of such a series of terms. 


JJ 

is obtained. 

Now in general there are iV! H possibilities of distributing the N 

particles in the clusters given by (5). The final value obtained for ^ is 
therefore 


Z. 1 1 mi ' 

m I 


( 7 ) 


The S is taken over all values of the series Wg . . . which satisfy the 
condition E Imi == N. If one of the terms in the sum is relatively so great 

that for thermodynamic purposes it may replace then the indices mi of 
this term give the most probable values mi for the numbers mi of the clusters 
containing I molecules. 

The appropriate calculation gives 

mi = VbiA^i, ( 8 ) 

where the value of the parameter A is given by the condition N = 
i.e., by 

N= VSlbiA^ (9) 

Using this approximation 

log ^ log X + log A^! — iV log A + Vlibi A^ 

is obtained. From this it follows that the pressure p= ^ log X,* 

or = (10) 


Hence the clusters introduced by (5) affect the pressure as independent 
particles of an ideal gas. Expression (9) is of particular interest to us because 
it gives the value of ^4 as a function of the given density NjV oi the substance. 
If Aq is the convergence limit of the power series 'LlbiA^, then the finite sum 
of (14) assumes enormous values as soon as ^ > Ao^ For increasing values 
of NjV, therefore, A can only increase up to this limiting value. For further 
increases of NjVy A retains the constant value Aq and hence, from (8), 
the term mijV has also a definite value, i.e., hiA^o^ We are then in the region 
of condensation, where an isothermal diminution of volume only causes 
an increase in the amount of condensate but does not give rise to any change 
in the vapour phase. Also, as may be seen from (10), the pressure remains 
independent of the volume in this region. If the convergence limit A^ is 
introduced for the series (9) in (8) and if 



where Zi is the concentration of the clusters containing I atoms, then 
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From this equation a comparison may be made with the previous equilibrium 
eqn, (6) for spherical drops, 


by taking 


and 




(II) 


From (8) it is immediately seen that the parameter A signifies the concen- 
tration of the single molecules. 

The Bose -Einstein Condensation. In this the potential energy is 
not at first considered. In the calculation of the partition function 

r 

for N helium atoms in a volume F, E, has the form 


+ + ^*3- 

If 9r(ri tn) is the symmetrical eigenfunction belonging to the energy 

Ef of the total system 


with 


l9Pdfi drAr= I, 


then may be written in the form 



Er 


2! e 9r 9r* dri . . . . dr// 


( 12 ) 


This sum, taken over all eigenvalues, may be accurately evaluated and 
gives the result 


Ze-& 9 . 9 .* = . Ze 

r P 


i;(h-^/’.r+K-^p.l’+ ) 


The summation must be carried out over all the N\ permutations P of the 
spaces tj. In a particular permutation, for example, r^ should be taken as 
rg as r^„ etc. 

Thus, a single partial integral arising in this manner from (12) is 


je- 


drjdrgdrg , 


similarly to eqn. {4a) of Mayer's theory discussed above. 

Each single permutation may be denoted by the number mi of the cycles 
of length I which occur within it. In this case the appropriate integrals 
may be easily evaluated. Defining the value of b again, this time by 

Vlbi = j e" V + • • • + '•■') dr, ... . dr/ , 


we obtain 


b,= 


■ • 


(13) 


With this value of bi, the partition function given by (7) may be formulated, 
and hence the numbers of the corresponding clusters given by (8) can be 
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obtained. The saturation density may also be accurately calculated. For 
the series resulting from the combination of (9) with (13), i.e., 

I- 

there is a convergence limit at = i, and in this case it yields the limiting 
value 



This corresponds to the well-known fact that the Einstein condensation 

begins when the single atoms have only the volume available to each 

of them. In this equation X == h[2TzmkTY^^\ i.e., the de Broglie wavelength 
corresponding to the temperature T, 

Institui fur theoretische Physik dcr Universitdt Gottingen, 

Gottingen, 

Bunsenstrasse 9. 
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GENERAL PRINCIPLES OF CRYSTAL GROWTH 
By Paul H. Egli and S. Zerfoss 
Received iSth March, 1949 

Certain facts of crystal growth have been observed with sufficient 
regularity to justify their being regarded as general principles. Some are 
familiar and will be mentioned only briefly for the sake of coherence. 
Others, equally significant, have received scant attention. A systematic 
consideration of tlus total body of facts should provide the background for 
extending the theories of crystallization. 

Classifying the principles of crystal growth in a completely logical fashion 
is impossible because of the manner in which they are interrelated. 
Accordingly, some repetition will be necessary and the significance of certain 
experiments will require discussion in connection with several phases of the 
general problem, 

Nucleation 

Nucleation is discussed as the first phase of the problem because it is the 
initial step in the overall process of crystallization ; but most of the factors 
that control nucleation apply in the same manner to growth, and can be 
discussed more conveniently in that connection. Moreover, the important 
facts of nucleation are well known and need only to be described briefly. 
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(1) The rate of nuclei formation increases with supercooling. Tammann 
and others ^ demonstrated that in melts the nucleation rate reaches a 
maximum and decreases with further supercooling as diffusion becomes 
the controlling factor. In solutions such a maximum is difficult to measure 
and probably does not usually occur. 

(2) An incubation period is recognized in growth from melts during which 
nucleation cannot be measured. In solutions, even when seeded, a metastable 
region of supersaturation is also recognized within which nucleation cannot 
be measured. Numerous investigators have found, in the phase diagram, 
well-defined regions with sharp boundaries beyond which nucleation was- 
observable, and it seems reasonable to conclude that under certain con- 
ditions the rate of nucleation in solution increases extremely rapidly with 
a small increase in supersaturation. The metastable region '' principle 
is widely employed in the control of industrial crystallization processes 
and is a useful concept which will be referred to without apology even 
though the behaviour is more properly described as a rate phenomenon. 

(3) The extent of the incubation period (or metastable region of super- 
saturation) can be changed appreciably by slight changes in composition 
of the system. It is particularly important to note that the metastable 
region can be greatly increased beyond that of a pure solution by the addition 
of small amounts of certain additives. This little-explored phenomenon 
is well substantiated for numerous compounds and will be further described 
in subsequent sections dealing with growth factors. 

(4) The incidence of nucleation depends on the previous history of the 
system. The evidence supporting the existence of superheatability of 
nuclei appears overwhelming. The work of Tammann and others ^ with 
organic melts and with metals would seem sufficiently convincing, but 
the matter is still disputed. The fact that increasing the amount and 
time of superheating a system reduces the incidence of nucleation during 
subsequent supercooling is apparently accepted, but the opponents of the 
concept of superheated nuclei offer an alternative explanation — that it is 
insoluble impurities and not nuclei of the principle solid phase w'hich the 
superheat destroys. This is an important argument in view of the fact 
that superheat in solids is not predicted in the lattice dynamics of Born 
or by the theories of melting as recently discussed by Mayer. Accepting 
the experimental results as evidence of superheated nuclei would also apf)ear 
to be somewhat out of harmony with Frenkel's * concept of nuclei formation 
from embryo. 

This question is difficult to settle by investigation of solution systems 
because of the experimental difficulties of observing the early stages of 
nucleation. Efforts have been made at the Naval Research Laboratory 
to obtain reliable data by means of heat effects, Tyndall effects, small-^ 
angle scattering of X-rays, etc. — all with little success. Qualitatively,, 
however, it was the general conclusion of the several chemists concerned 
with growth of numerous crystals from solution that the existence of super- 
heated nuclei was verified by their experiments on the preparation of 
saturated solutions. This work is mentioned because in solution systems 
an explanation based on impurities is extremely unlikely. The reagents 
were prepared with great care, and in several instances any remaining 
impurities were in amounts less than those detectable by ordinary analytical 
techniques. 

(5) Nucleation is induced by the presence of foreign bodies and by 
agitation of the system. These well-known facts deserve to be listed in 

* Tammann, Aggregatsustande (Leipzig, 1922). 

■ Frenkel, Kinetic Theory of Liquids (Oxford Univ. Press, 1946). 
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view of the frequent statements that nucleation always occurs for these 
reasons, or even stronger, that nucleation can never occur without such 
assistance. Again, these are difficult statements to disprove completely by 
experiment. 


Crystal Growth 

Almost all the phenomena of crystal growth — ^inclusion of impurities,, 
habit modification, the genesis of twins and flaws — can be resolved into* 
problems of growth rate under certain conditions. Accordingly the growth 
principles are presented, for the most part, on this basis. There are certain 
important phenomena, however, for which the rate aspect is not a convenient 
viewpoint, and which thus necessitate a more complete description, 

(1) Growth rate increases with increasing supersaturation (or supercooling)^ 
and with agitation. The ramifications of these facts are too well known 
to require elaboration except perhaps noting that diffusion is remarkably 
constant in all water solutions, and also that normally a moderate amount 
of agitation is sufficient to eliminate diffusion as a controlling factor. 

(2) Different faces of a single crystal (under the same degree of super- 
saturation and agitation) grow at different rates. The rules governing 
this significant feature of the growth process have been the subject of 
refinement throughout the history of crystal research.® * In general, crystals 
possess faces of low indices because of the differential bonding along the 
few principal directions within the lattice. This idea can be restated in. 
terms of growrth toward a minimum free surface energy. 

(3) The difference in the growth rate of various faces becomes smaller 
as the overall rate is increased. This long-recognized fact has been demon- 
strated in a sufficient number of systems and under a sufficient variety of 
conditions that it can be safely regarded as a general rule. 

{4) Flawed surfaces grow more rapidly (imder the same degree of super- 
saturation and agitation) than correspon^ng surfaces without detectable 
faults. This is meant to apply to twin boundaries, veils, lineage, mosaic 
structure and presumably any other type of large-order defect. Elaboration 
of this point is helpful in explaining why defects are propagated and frequently 
induce additional defects during subsequent growth. At growth rates 
appreciably below the maximum which can be supported for good growth 
certain types of flaws lose their rate advantage and may be healed over. 

(5) The maximum rate at which good growth can be obtained on a particular 
surface (the “ critical " rate) decreases as the size of that surface increases. 
This highly significant fact has apparently received little attention, but 
the supporting data appear convincing. Yamamoto ® demonstrated the 
phenomenon very clearly with NaCl on a microscopic scale. Investigations 
at the Naval Research Laboratory, particularly by A, A. Kasper, showed 
similar results for NH4H2PO4 grown under a variety of conditions and 
the effect has been observed qualitatively in the growth of numerous other 
crystals. 

The existence of a “ critical ” rate dependent on size would appear to 
lead to the conclusion that in practice there is a limit in size to which a 
good single crystal of each compound can be grown. Experience would 
appear to bear this out. The possibility is also predicted that there will be 
crystals in which zones developed by growth of certain faces will invariably 
be bad whereas adjoining zones may grow well, and that the volume of poor 
material could be reduced or eliminated by reducing on the seed the sfte 

• Wells, Phil. Mag,, 1946, 37, 184. 

• Buerger, Amer. Miner., 1947, m, 593. 

• Yamamoto, Sci. Papers. Inst. Physic. Chem. Res., 1939, 35, 228. 
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of the face which grows poorly (in NaBrOa use a no-cut seed rather than 
ni-cut seed). This also has been demonstrated. 

It is suggested that this principle must also be more clearly recognized 
in crystallization theory. Presumably in an ideal system in which growth 
could be maintained at an infinitely slow rate the limit on size would 
disappear, but it is also possible that the necessary rate would be below 
that induced by normal fluctuations at equilibrium. Further implications 
of this feature of the growth process will be discussed in connection with 
the general problem of growth from the viewpoint of supersaturation. 

(6) The critical growth rate in solution systems increases with increasing 
temperature. This may also be true for any system with two or more 
components when temperature is a variable. Discussion of this point is 
necessary because of frequent statements that crystals contain more defects 
when grown at high temperatures. It is an accepted fact that as the 
temperature of a crystal increases, whether grown at a high temperature 
or heated after growth, the number and activity of atomic-scale defects 
increase. This applies, however, only to vacancies and dislocations of 
single ions or atoms and does not pertain to large-scale order. In fact, the 
increased activity with temperature, particularly at the surface, tends to 
improve the large-scale perfection of the structure during the growth 
process ^ ; experimentally, it has been found that increasing temperature 
favours the formation of perfect textures over the formation of spontaneous 
nuclei or the various types of large-scale flaws. 

In addition to the foregoing list, there is a rarely mentioned feature of 
the growth process which deserves considerable discussion. No one has 
yet offered a satisfactory answer to the basic question of why some com- 
pounds crystallize readily and others very poorly ; and yet there are some 
striking facts on which to base such a discussion. 

The first point to be noted is that in aqueous solution systems compounds 
which grow readily are all quite soluble. In general, slightly soluble 
compounds are grown with great difficulty, and highly soluble compounds 
are grown with great ease. This correlation is far from perfect, however, 
so that simple solubility is not a sufficient specification for good crystal 
growth, and it is necessary to consider the state of association. Some evidence 
indicates that the critical rate for a given surface increases with increasing 
association of solute. This is first a statement in harmony with the familiar 
expression of theory — ^that the growth rate depends on the difference in 
the chemical potentials of a particle on the crystal surface and of one in 
the fluid phase. But the statement also implies something more — ^namely, 
that increasing association increases the advantage to formation of a perfect 
structure relative to the formation of flaws or spontaneous nuclei. 

The implications of these statements can be more readily discussed in 
terms of supersaturation than from a strict rate viewpoint. As previously 
discussed in connection with nucleation, this viewpoint is not a rigorous 
approach in terms of the kinetics of the rate process, but is a valuable 
concept for the sake of clarity. 

The problem then becomes one of determining the range of super- 
saturation which will induce only perfect growth, the additional degrees 
of supersaturation which will induce flawed growth of various types and, 
finally, the degree of supersaturation which will induce spontaneous nuclei. 

The amount of supersaturation which will induce perfect growth, lineage, 
etc., is of course dependent on the configuration of each crystal surface availa- 
ble for growth. For the purposes of this discussion, however, this factor can 
be neglected by assuming that each crystal has some face which is relatively 
favourable for growth so that the supersaturation required for that growth 
is small relative to that required for spontaneous nuclei and is somewhat 
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less than required to initiate a flaw. On this basis compounds which are 
difficult to crystallize are those which form spontaneous nuclei with very 
small degrees of supersaturation so that the range which will induce growth 
but not flaws is vanishingly small. Easily grown crystals are^those for 
which nuclei form only with considerable supersaturation so that there is 
a large range in which only perfect growth is obtained. 

Returning to the original assertion that ease of growth increases with 
increasing association of the solute, it is desirable to consider the supporting 
evidence from the supersaturation viewpoint. Quantitative data are difficult 
to obtain because of the difficulty of measuring and rigorously describing 
the quality of a crystal, but even more because of the lack of quantitative 
data regarding the amount of association of various salts in highly concen- 
trated solutions. Acceptable evidence is thus by necessity limited to 
obvious gross effects, but several compounds can be discussed for which 
the growth behaviour clearly supports the viewpoint expressed. 

NaCl is a typical example of a compound which is soluble but highly 
dissociated in solution, and experience indicates that NaCl is virtually 
impossible to grow into a perfect crystal at any reasonable rate from pure 
solution. It forms copious nuclei with very small degrees of supersaturation. 
HIO3 is typical of compounds known to be highly associated in solution. 
Nuclei form only with considerable supersaturation, and large, perfect 
crystals are easily grown. Also typical of the associated solutes which 
support supersaturation and form crystals readily are a large number of 
hydrated salts. Additional significant evidence was demonstrated by 
growing benzil from water solution and various organic solvents. Growth 
was difficult in every solvent except benzene ; from this related environment 
nuclei were formed only with considerable supersaturation and growth 
was excellent. Thus all the available evidence appears to be in harmony, 
but additional data are desirable. 

Significant information can be derived from the remarkable effect of small 
concentrations of foreign ions. The growth of several dozens of compounds 
has been markedly improved by the addition of ** impurities '' to the 
solution. A typical case is NaCl which grows with great difficulty from pure 
solution but which grows readily from a solution containing Pb. The obvious 
effect is to greatly increase the range of supersaturation within which 
spontaneous nuclei do not form. Yamamoto ^ obtained data for several 
compounds and this work has been extended at the Naval Research Labora- 
tory to many solution systems. The same phenomenon has also been 
demonstrated there in the growth of alkah halides from a melt and has 
been reported by one competent investigator to apply in growth by flame 
fusion. The rules for selecting the most effective additive are not yet 
entirely obvious. Heavy metal, multivalent ions in concentrations of less 
than 0*01 mol-% are frequently the best choice, though small concentrations 
of anything that, if present in larger amounts, would modify the habit 
appear to be helpful. If concentrations beyond the optimum are used, 
the habit is modified, flaws are induced and spontaneous nuclei occur more 
readily than from pure solution. When properly used, however, this is a 
very powerful tool. In one case, for example, it made possible the formation 
of a compound which cannot be precipitated from pure solution ; K4MnCle 
can be formed only by the addition of Pb++ to the solution. In a practical 
sense, the phenomenon is extremely vaduable for increasing the efficiency 
of growth processes for single crystals and has in addition promisihg 
applications in industrial crystallization of fine chemicals. From a scientific 
viewpoint it promises to contribute valuable clues to the overall problem 
of nucleation and growth. 

Space does not permit thoroughly justifying the choice of the foregoing 
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factors as being the most significant to interpretation of the overall problem#^ 
Obviously many interesting facts have been completely neglected. Habit 
modification, oriented overgrowths, inclusion of impurities and similar 
fields of research contribute valuable information but for the most part 
appear to be less directly necessary for consideration as part of the primary 
process of crystallization. The points which are discussed can hardly be 
ignored in even a qualitative theory that is to be of any value. The concept 
of a critical growth rate dependent on the size of the surface and the extent 
of association in the fluid phase, for example, appears to be a basic factor 
in the process. It is hoped that discussion in this manner of a rather loose 
body of facts may point out more clearly than would a neat mathematical 
expression the status of our present knowledge and the direction most 
profitable for future research. 

Crystal Section, 

Naval Research Laboratory, 

Washington, D.C. 
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Dr. F. C. Frank {Bristol) said : In putting forward a structure-sensitive theory 
of crystal growth I can draw an analogy with the theory of the strength of solids. 
This is in practice at least a hundred times less than their theoretical strength. 
So also crystals show a growth resistance which is a hundred times less than 
their theoretical growth resistance. We owe to Volmer, to Farkas and to Becker 
and Doring the recognition and rather difficult calculation of this theoretical 
growth resistance of a perfect crystal. It appears from their work that new 
deposition will not occur at an observable rate on a completed habit-face of a 
crystal unless the supersaturation exceeds a substantial critical amount. This 
is of the order 50 % for a typical crystal growing from the vapour — greatly in 
excess of any critical supersaturation for growth which has been observed. We 
lack data for quantitative calculation of crystals, particularly ionic crystals, 
growing from solution, but every small crystal which grows in polyhedral shape 
demonstrates the existence of a substantial “ growth resistance.” The transport 
of material to a sufficiently small ciystal in solution is governed by the diffusion 
equation. The solution of this differential equation will be uniquely defined if 
either the concentration or the flux at the boundary is defined. There is no degree 
of freedom left to satisfy boundary conditions in terms of both. The growth of 
the crystal determines a boundary condition in the flux, and the concentration 
at the boundary is determined accordingly, and is necessarily non-uniform over 
the surface of a polyhedral crystal. The flux and concentration can only both 
be uniform at the surface of a sphere. The surface supersaturation being non- 
uniform and nowhere negative is at places substantial ; namely, at the corners, 
where it reaches several per cent, in the experiments of Humphreys-Owen and 
Bunn. Thus the Very fact that at least some crystals will grow polyhedrally 
wi^out becoming dendritic shows that they have in places a substantial growth 
resistance ” : but at the same time the maximum supersaturation such crystals 
will withstand all over, without growth occurring somewhere, appears experi- 
mentally, so far. to be less than i %. 

Dr, S. P, F. Humphreys-Owen [London) said : Dr. Frank says thatnucleation 
at a dislocation, or system of dislocations, is capable of undergoing discontinuous 
changes. But why should one system be in some way peculiar in that it produces 
the Nemst mode of growth, i.e., with equilibrium concentration at the face 
centre ? Other systems appear to produce rates of growth which are less, and 
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are associated with a concentration at the face centre which is above the 
equilibrium value. This indicates the onset of a resistance to growth. Again, 
how can a system of dislocations, which, according to Dr. Frank, has a consider- 
able degree of persistence, permit the complete stoppage of growth which is 
sometimes observed in high supersaturation ? Theories such as Dr. Fraxxk's, 
which provide the crystal with a means of overcoming the difficulty of growth of 
a complete surface, appear to go too far in the other direction ; they make 
growth too easy. 

Dr. F. C. Frank (Bristol) said : The rate of growth, once in the range of 
conditions at which growth proceeds steadily, is very largely independent of the 
density of dislocations. To see why this is so, we must first consider the effect 
of a single dislocation. The attached growth front (terrace edge or step-line) 
winds itself up into a rotating spiral (Fig. 5). A pair of dislocations emit growth 
fronts in the form of closed rings with about the same spacing, provided the 
supersaturation is sufficient for them to be effective at all (Fig. 6). Now, growth 
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Fig. 5. — Spiral growth front attached to Fig. 6 . — Development of growth fronts in 

a single dislocation. closed loops from a pair of dislocations. 


fronts differ from wave fronts in the fact that when they meet they annihilate. 
Hence if two different dislocations or groups of dislocations in the same crystal 
face are equally active in emitting growth fronts, the number of growth fronts 
passing any point in the face is the same as if either were active alone. A group 
of dislocations is as active as its most active member, and the growth rate of 
the whole face is determined by its most active dislocation group. All other 
groups yield within a short while to the domination of this most active group, 
and merely pass on the growth fronts received from it with a slight delay and in 
slightly modified form. The members of a group are nevertheless able to stimulate 
each other to somewhat enhanced activity. This is because a concave growth 
front, which is form^ each time a pair of fronts meet, travels faster than normal, 
and so helps the growth spiral round.'* This stimulation occurs at a super- 
saturation somewhat above the critical supersaturation for the group, below which 
they are inactive. If the supersaturation is increased considerably above %his, 
the component dislocations fiien behave as though independent of each other ; 
but this may be the right supersaturation for stimulation in some other group, 
which will then become dominant. An exact calculation is not easy, but it does 
not seem likely that this stimulation ** will make a much larger difference than 
a factor of 2. 
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Thus, at least for order of magnitude, the problem of calculating the growth 
rate of a face with any number of dislocations can be reduced to that of calculating 
the rate of growth based on a single dislocation : which is simply the rate of 
generation of fresh turns of the growth front spiral multiplied by the thickness 
of a molecular layer. As explained in my paper, this rate is proportional to 
where is proportional to and inversely proportional to ej, the super- 
saturation at the crystal surface in the neighbourhood of the dislocation or 
dominant dislocation group. Let us say the growth rate is w ^ A ai*. But the 
controllable supersaturation Cq is that at some point away from the crystal, 
separated from it by a diffusion barrier, as a result of which there is a drop in 
supersaturation (a^ — cJi) proportional to the growth rate : say, ((Jq — = Bw, 
In consequence a growth rate establishes itself such that 

AB^w = AB(5^ -f- J(i — Vi + 4/fBoo). 

Briefly, the growth rate is proportional to the square of the supersaturation 
when this is small ; but at high supersaturation the diffusion barrier takes 



Pig. 7. — Crystal growth rate as a function of supersaturation (with simple diffusion 
barrier) : — 

(a) for a single dislocation. 

(^i)r (^2) • • • lor variously spaced pairs or other groups of dislocations. 

(c) Resultant growth rate curve when all of the groups {fej), (b^) . . . arc present. 

control and “ linearizes ” the growth rate. This is represented by curve (a) in 
Fig. 7. Here we have assumed the simplest possible sort of diffusion barrier. In 
growth from a dilute vapour we actually have a more complex situation, with 
surface diffusion and molecular transport through the gas in “ series-parallel " 
connection. This problem has been treated by Cabrera and leads to a curve in 
which the transition from the quadratic to the linear law of growth rates involves 
a region of reversed curvature. 

Now, if there are various dislocation groups in the crystal face, which would 
separately produce growth rate curves (61), (6,) ...» the resultant growth rate curve 
is c made up of the curves of the groups dominant at various supersaturations. 
Change of supersaturation can change the dominant group, thus changing the 
centre of the growth pyramid ; but the growth rate is not greatly dependent on 
the dislocation structure once the supersaturation exceeds the critical super- 
saturation of the least growth-resistant dislocation group. 

In further discussion ‘with Dr. Cabrera and Mr. Burton, since the meeting, 
we have arrived at the conclusion that there is no existing experimental evidence 
of a critical supersaturation which necessarily indicates that dislocations are close 
together : the quadratic growth law which applies at small supersaturation when 
dislocations are far apart suffices to explain the existence of a supersaturation 
below \vhich the growth rate is too small to be measured by the techniques 
which have been applied, as in the experiments of Volmer and Schultze, and of 
Nitschmann and Spangenberg. 



GENERALDISCUSSION 


69 


Prof. I. N. Stranskl (Berlin) said : Hitherto it has been accepted that in 
(microscopically) visible crystals a spontaneous alteration of form is not possible 
in a state of thermal equilibrium. The reason for this has been recently seen to 
lie not primarily in the smallness of the relative vapour pressure differences 
between the various crystal faces, but rather in the fact that the building-up of 
new lattice planes is connected with the work of formation of two-dimensional 
nuclei, which according to Volmer tends to infinity with decrease of saturation. 

In the experiments on urotropine the work of formation of two-dimensional 
nuclei is considerably decreased by the presence of re-entrant edges. In the 
accompanying Figure three types of re-entrant edges are seen to be active ; 

(i) Mono-crystalline re-entrant edges formed by incompletely grown lattice 
planes, x. 

(ii) Poly-crystalline re-entrant edges formed by contact between two differ- 
ently oriented individual crystals, y. 

(iii) Heterogeneous re-entrant edges formed by participation of the crystal 
substrate. 
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According to experiments by Honigmann, the mono-crystalline re-entrant 
edges X are particularly effective. The work of nucleus formation can only be 
purely one-dimensional at such defects, that is, even for very small super- 
saturations it remains negligible.^ The relative vapour pressure difference 
AP/P has been estimated as lo"* to lo"'*, and for a fraction 0 of coverage by the 
adsorbed layer, for which the comparison is particularly valid, very reasonable 
values (very much less than i) are obtained. 

In all these experiments the crystals of urotropine are surrounded only by their 
own vapour. The admixture of foreign gases increases the times for the transfer 
of matter enormously. 

Dr. H. K. Hardy (Stoke Pogcs) said : If, as Dr. Frank * has indicated, crystals 
grow by winding themselves up wdth screw dislocations, would it be correct 
to speak of their solution as an “ unwinding '' process ? I am prompted to ask 
this because there was a paper by Bloch, Brings and Kuhn * in which the rate 
of solution of a crystal was taken as proportional to the edge length. On this 
hypothesis smaller crystals melted more slowly than large ones and this was 
taken as the source of undissolved crystal nuclei at temperatures not far from 
the melting point. If, instead of edge length, we substitute effective dislocation 
length as the criterion for the rate of solution, a stage will eventually be reached 
during solution (or melting) at which this is reduced to zero but at which a very 
small crystal fragment remains. This might be expected to have considerable 
stability and would form a source of crystal nuclei on subsequent cooling. 

I would now like to mention some phenomena connected with precipitji^tion 
in solid solutions since, by quenching from a high temperature, the effects of 
very high degrees of supersaturation can be studied when the alloy is allowed to 

• See, for example, Stranski and Kaischevy, Ann. Physik, 1935, as, 330. 

• This Discussion. 

• Bloch, Brings and Kuhn, Z. physik, Chem. B, 1931, la, 415. 



70 


GENERAL BlSCtTSSION 


decompose at a lower temperature. The most convenient starting point is the 
free energy -composition curve (Fig. i). The equilibrium phases have the 
compositions given by the common tangent. Between the points Y-Y, the 
curve is concave to the composition axis and in this region has a negative 

value. In agreement with diffusion theory, fluctuation theory and the shape of 
the curve, we should expect that an alloy quenched to this region would show 
segregation of like atoms and possibly pre-precipitation effects associated with 
this. This is the case in the Cu4FeNi, alloy investigated by Daniels * in which 
variation of the ageing temperature changed first the degree of segregation and 
then the distance between segregates. 


(«) 


(b) 


Fig. 1. 

{a) The free energy composition curve at Tj for the hypothetical equilibrium diagram 
in Fig. (fc) 

(b) The supersaturated solid solution has been divided into two regions corresponding 
to the inflections on the free energ^’^ composition curve and positive and negative 
values of WlbxK r o 


In general, the solute atoms collect on preferred planes as platelets or 
even as “ stringlets,”^ but in some alloys the effects are more complicated than 
can be predicted by simple segregation. For example, in Al-Cu alloys this segre- 
gaticm' requires nucleation, there being a critical nucleus size dependent on the 
^geaig temperature. If we consider the Al~4 % Cu alloy, the segregation of 
^lute atems at room temperature after quenching from 530° C leads to an 
increase in hardness (Fig. 2). If the alloy is now raised to 200° C for a few minutes, 

* Daniels, Proc. Physic. Soc., 1948, 192, 575. 

• Geisler and Hill, Acta Cryst., 1948, i, 238. 
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the segregates are dispersed and it reverts to its hardness after quenching. It 
will then re-age as before and the process can be repeated for at least 10 times 
and probably indefinitely (Fig. 2). The segregates (or Guinier-Preston zones 
as ^ey are called) formed at room temperature are below the critical size for 
their growth at 200® C. This means that the free energy of such zones, even 
though not a separate phase, possesses a strain energy term proportional to their 
surface area, and hence their free energy will show a maximum when plotted 
against their radius (Fig. 3). 



Fig. 2. — Behaviour of AI-4 % Cu alloy on natural ageing following quenching a-61, 
treated 5 min. 200® C to disperse the segregates of copper atoms etc., whicn 

re-establishes its ability to natural age Ci-dj, etc. 



Fig. 3 . — ^\'’ariation of 2F with size of nucleus. 


Both Becker « ’ and Borelius * • have put forward theories to account for the 
rates of precipitation. Fig. 4 gives experimental curves on Pb-Sn alloys, where 
the logarithm of the time for half the resistance change associated with precipita- 
tion has been plotted against the reciprocal of the isothermal precipitating 
temperature in " K (the thick lines in Fig. 4) . The arrows mark the temperature, 
calculated by Borelius • at which "b^F/'bx^ changes sign, at higher temperatures ; 
Avhere this is positive the rate of precipitation slows down. In Becker’s theory ’ 
the rate of precipitation per unit volume of untransformed matrix is proportional 
to 

e-«?+^)/Rr 

where Q is the activation energy for diffusion and A the activation energy for 
nucleation. I have applied this to the experimental results given in Fig. 4. 
The free energy terms needed were calculated using the methods of Borelius • 
and comparing them with Becker’s equations.’ By this means the activation 

energy was calculated for the initial precipitation. This leads to the dotted 

* 

• Becker, Z. Meiallkunde, 1937, *9 (8)* 245. 

’ Becker, Ann, Physik,, 1938, 3a, 128. 

• Borelius, Ann, Physih,, 1938, 33, 517* 

• Borelius, Arhiv. Mai, Fysik,, 1945, 3a (1), 

Borelius, Larris and Ohlsson, Arkiv Mat, Ast, Fysik, A, 1944, 3* 
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curves in Fig. 4, The agreement with experiment is not unreasonable in view of 
the simplifyii^ assumptions which were made. If a correction were made for 
the decrease in rate of nucleation due to change in degree of supersaturation 
during precipitation, the theoretical curves would be moved to fixe right, i.e., 
closer to the experimental values. 

I hope to publish a more detailed account of this work on precipitation in terms 
of the free energy composition curve at a later date. 



/ = time to half resistance change, 
temperature for change from positive to negative value of c)*F/^)4r*. 

Full lines experimental, dotted lines calculated. 

Fig. 4. — Comparison of experimental curves for log time to half the resistance change 
of Pb-Sn alloys on ageing, plotted against-^, and curves calculated from nucleation 
theory based on the original concentrations. 

Q ~ 10,400 cal./g.-atom. 


Dr. F. C. Frank (Bristol) (communicated) : Dissolution on a habit-face of a 
crystal with protected edges, at moderate subsaturation, should proceed in a 
manner closely equivalent to growth on fully developed habit-faces, i.e., by 
unbuilding at molecular terrace lines ending on screw dislocations, and there 
should be a critical subsaturation for dissolution, equal to the critical super- 
saturation for growth. But if the crystal edge is exposed to attack, it is a 
permanent source of terraces, and the dislocations then play no essential part 
in the steady-state dissolution process. Terraces attached to dislocations would 




GENERAL DISCUSSION 


73 


be involved in the initial attack, and would, I think, upset the proportionality 
between rate of attack and length of crystal edge ; which could in any case only 
apply to initial conditions, since crystals in dissolution rapidly cease to be simple 
polyhedra and become bodies bounded by curved or rough surfaces, open to 
attack all over. The rate of steady-state dissolution is governed simply by 
transport of heat or matter. 

It is theoretically possible to dissolve a crystal until the remaining fragment is 
undislocated, and, if now submitted to moderate supersaturation, can only 
grow out to the circumscribing polyhedron of habit-faces and then stop growing. 
I doubt whether this has practical importance, or will be easy to observe. 

The paper of Bloch, Brings and Kuhn quoted is interesting but illogical. There 
is no reason why the edge-row (d in their Fig. i) should be less easily attacked than 
the step-row (6), or the corner atoms of the crystal less easily than those at 
" reproducible points ” (c). Actually, I know of no real evidence of any portion 
of a solid failing to melt above its melting point, and believe that persistent 
nuclei ” in metal melts are to be explained in a relatively trivial way, as foreign 
matter, e.g., oxide : the surmise of Horn and Masing “ for antimony, that the 
impurity gradually dissolves in the melt, but is precipitated out on solidification, 
accounts for the details of behaviour, and may well apply in other cases. 

Mr. W. K. Burton and Dr. N. Cabrera {Bristol) {communicated) : With 
reference to the theory of crystal growth from the vapour, when there is an 
adsorbed layer of molecules of high mobility, the present situation can be 
summarized in the following way. 

Let D be the diffusion coefficient of the adsorbed atoms and t their mean life 
on the surface (mean time between their condensation from the vapour and their 
evaporation again into the vapour). Then the mean displacement of adsorbed 
atoms is 

X — = a/p, 

where a is the interatomic distance and p is defined by formula (3) m Part II 
of our paper. For materials of low sublimation energy like iodine, we expect x 
to be of the order of 10* interatomic distances, at room temperature. It will be 
much higher for metals. 

If X is bigger than the mean distance x^ between Kossel-Stranski-Frenkel 
kinks (places where condensation into the body of the crystal is easy), then it 
can be shown that the rate of growth of the crystal is proportional to the super - 
saturation a = a — i (formula (6) in Part II of our paper). This formula is in 
good agreement with the linear law observed by Volmer and Schultze on 
iodine, phosphorus and naphthalene at o® C. These authors observed a linear law 
in all cases, but for iodine the actual rate of growth is smaller than the linear law, 
below supersaturations of the order 10”*. 

The problem is to explain why there seems to be always such a high concentra- 
tion of kinks. It is now quite clear that the concentration of kinks in a perfect 
habit face will be negligible, unless the supersaturation is very high (see our 
papers), and also that the only explanation for the observed growth at low 
supersaturations is the fact that the crystals are imperfect and the screw disloca- 
tions terminating in the surface (see Frank’s paper) provide the required steps 
with a high concentration of kinks. The step between two dislocations of different 
sign will contribute to the growth if the distance d between them is bigger than 
the size of the critical two-dimensional nucleus, which is of the order a I a. If 
N is the number of dislocations per cm.*, then d 

Now from the point of view of the rate of growth we can distinguish two cases : 
either the distances between dislocations are bigger than the mean displacement 
X defined above, or they are smaller. In the first case, > ir, we expect two different 
critical supersaturations. Increasing the supersaturation a from zero, there will 
be a first range where no observable growth will occur, up to a = r^qjd. At 
this first critical supersaturation ai the growth will start more or less suddenly 
(see our paper. Part II). will be different from one crystal to another, and will 

Horn and Masing, Z. Elektrocf^em., 1940, 46, 109. 

Volmer and Schultze, Z. physik, Chem. A, 1931, 156, i. 

C* 



74 


GENERAL DISCUSSION 


be observable if it is of the order of, or bigger than, Actually oi aid t^aN'U, 
therefore it will be observable if N is bigger than lo^*. When a > a^, Frank has 
shown that a dislocation or small group of dislocations will be the centre of a 
“ ^owth pyramid,** the distance between different step-lines of the pyramid 
being of the order of or aja. When a < the rate of growth of the 

surface is more or less proportional to a* and is smaller than that given by the 
linear law. Finally, when <t > Ct, the parabolic law goes over to the linear law, 
because the distance between step-lines of the pyramids is smaller than x and 
we are under the conditions where the linear law holds. The second critical 
supersaturation a,, defined by c, will be the same for all crystals, x 

being independent of the imperfection of the crystal. This seems to be the 
case in the experiments on iodine by Volmer and Schultze.** Assuming, then, 
that the critical supersaturation observed in their experiments corresponds to 
Ui, one can deduce the value x io*a, which agrees with the expect^ value. 
The rate of growth for Ci < a < will depend essentially on the distribution 
of dislocations. 



In the second case, x > d, the first critical supersaturation only appears. We 
should expect the rate of growth to go over to the linear law rather suddenly 
(as represented by the dotted curve in Fig. i) and the critical supersaturation 
to be different from one crystal to another. This situation would occur probably 
in metals, provided the crystal contained a number of dislocations high enough 
for the critical supersaturation to be observable. 

Prof, I. N, Stranski (Berlin) said : Foreign (just as lattice) adsorbed 
molecules influence the growth and dissolution processes in tw^o ways. Firstly, 
they favour (i.e., catalyze) the elementary processes by lowering the amount 
of energy required. In this connection we may consider the simple electrostatic 
model of the ionic crystal. To remove one adsorbed ion from a (ooi) face of 
a sodium chloride lattice an energy 91 = 0*06601 (in t^jr^ units) is required. 
To remove a single ion which is part of the same face an energy 9, = i *68155 
is necessa^. To remove an adsorbed ion together with the ion of opposite 
charge (directly beneath it) an energy 91,* =0*74757 will be needed. (This 
latter is the energy of separation of a molecule from the crystal boundary, 
involving only half-crystal forces.) The first process is naturally the most 
frequent. The third process can, however, occur much more frequently 
the second, which is the relevant point here. 

The adsorbed foreign molecules, however, retard the diffusion in the adsorption 
layer itself and in this way they may easily outweigh the first effect. 
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Mr* R. S. Bradley {Leeds) {communicated) : A possible experimental test 
of Prof. Stranski’s theory of surface polarization is the measurement of the 
heats of adsorption of the inert gases on ionic crystals, in comparison with the 
values calculated by the application of Prof. Stranski's theory. 

Prof. I. N* Stranski {Berlin) said : Frank’s idea is significant. It largely 
coincides with the views of Honigmann and myself. In our preliminary com- 
munication we also draw attention to the close connection between the 
processes occurring on the urotropine crystal with the growth-processes for 
twins, where likewise a considerable reduction in the work of formation of the 
two-dimensional nuclei on the boundary lines must be anticipated. We have 
also considered attributing the unsuccessful experiments of Volmer and Schultze 
(naphthalene, phosphorus) to the presence of re-entrant edges. 

Dr, J. L. Amorbs {Barcelona) {communicated) : It is known from the so-called 
Donnay-Harker’s law that the equihbrium form of crystals depends upon the 
real symmetry of the crystal, i.e., the group symmetry. This law has been 
criticized by me during the last few years. However, in my opinion the law 
remains valid in all respects because the crystal habit is directly related to the 
crystal structure. 

The relation between structure and both growth and final form of the crystal 
appears to be clear when the stability of crystal body is realized. That stability 
is reached when the crystal faces are stable and the latter can only be stable 
when the co-ordination polyhedron or the close-packing of molecules is easily 
obtained. 

Therefore the crystal growth must take place on those faces where either the 
completion of the co-ordination or the close-packing of molecules can be more 
easily obtained. As the crystal structure determines the symmetry of the cell, 
the crystal habit is likely to be a function of the space group elements of sym- 
metry. Bearing in mind the above, it should be interesting to know the actual 
relationship between Stranski’s theory and the Donnay-Harker's law. 

Dr, C. W. Bunn (/.C./., Plastics) said : The suggestion in Frank’s paper 
that dislocations play a dominant part in crystal grow^th from vapour or solution 
arises from the conclusion that a perfect cr>^stal bounded by low-index surfaces 
probably would not grow at all unless the supersaturation of the vapour or 
solution were very high. But the fact that crystals do grow at quite moderate 
supersaturations might be explained in two ways — either by assuming the 
presence of dislocations, or by assuming that the surfaces are not low-index 
surfaces. The observations described by myself and Emmett in this Discussion 
show that on many crystals growing rapidly from solution deposition takes 
place on the edges of spreading layers, and that these edges are, on the scale 
which can be observed in the optical microscope, high-index surfaces. If all 
the deposition surfaces are high-index surfaces on the molecular or ionic scale, 
there would appear to be no need to invoke dislocations to explain the continuance 
of growth, because even a crystal of perfect structure will grow readily if it has 
high-index surfaces. Our observations suggest that the central problem of 
crystal growth is the study of the factors which maintain high-index surfaces 
— the factors which determine that molecules are deposited in such a way that 
the new surface is again a high-index surface. There is a tendency for high-index 
surfaces to “ hear’ — i.e., for depositing molecules to form a low-index surface ; 
what is it that prevents complete healing ? 

Our observations also show' that layers usually spread outwards from the 
centres of crystal faces. Is there any reason to suppose that dislocations would 
occur preferentially at face centres ? The electron microscope photograph 
of Wyckofif’s to which we refer in our paper (a protein crystal grown from 
aqueous solution) does not show a screw dislocation, or indeed any central struc- 
tural imperfection in the top layer. It is true that this is not a photograph 
of an actually growing crystal, but of a crystal whose growth has been arrested, 
so it must be regarded as suggestive rather than conclusive, for we do not 

Stranski etal,, Natwrwiss., 1948, 35, 156. 
u Wyckoff, Acta Cryst, 1948, i, 277, 
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know what might have happened after growth ceased. But it corresponds 
so exactly to what has been observed dynamically on a larger scale that it is 
difficult to resist the impression that it is a molecular growth-picture, and 
therefore deserves consideration. 

The screw dislocation has been introduced because it is self-perpetuating ; 
but it seems to me a rather special sort of imperfection, and I cannot visualize 
how it arises. I should feel happier about an imperfection theory based on 
simple strains, cracks and dislocations arising continuously and spontaneously 
i^rhaps as a result of thermal strains originating in the flow of heat of crystal- 
lization and depending on previous growth rates. 

Dr. F. C. Frank (Bristol) (partly communicated) : Prof. Stranski says, rightly, 
that growth at low supersaturation can occur on uncompleted molecular layers : 
but then, on a perfect crystal, uncompleted layers must finally become completed 
ones. From discussion with others, it appears necessary to say that also in other 
language : that high index surfaces grow readily, but thereby grow out, leaving 
low index surfaces. The essential importance of dislocations is that they prevent 
this happening, enabling the uncompleted layers or high index surfaces to persist. 

If Wyckoff’s Fig. 7, shown by Dr. Bunn, were a picture of a crystal growing 
from solution of low supersaturation, I should be rather worried. It is not : 
Irom Wyckofl's own description, it is a preparation made by smearing the 
crystalline pellet (formed by ultracentrifugation) on a glass surface. 

I should like to reply to two more points raised by Dr. Bunn and one raised 
by Dr. Humphrey s-Owen. 

Firstly, is there any reason to suppose dislocations would occur preferentially 
at face centres ? Yes, dislocation lines are effectively under tension. Given the 
chance they will usually make themselves as short as possible, and this will, 
as a rule, overcome any tendency of the dislocation line to adhere to a preferred 
direction in the crystal, when these requirements are in conflict. Hence, they 
will be expected to grow out more or less normally to the surface at which they 
emerge. Those of early origin will then be found near the foot of the normal drawn 
from the crystal seed to the growing face, and therefore usually somewhere near 
the centre of the face, at least in regular crystals. Dislocations of later origin 
may be anywhere. The observations quoted imply that in these (incidentally, 
small) crystals the dislocations are few and the probability of fresh generation 
of dislocations small. 

Secondly, Dr. Bunn says “ the screw dislocation has been introduced because it 
is self-perpetuating.” This must be corrected. The dislocation was ” introduced ” 
from the theory of continuum elasticity into the theory of real crystalhne solids 
about 15 years ago to account for their plastic deformation, and about 10 years 
ago as the element of misfit into which various derangements of a crystal (such 
as “ mosaic boundaries ”) can be resolved. Each dislocation is characterized by 
a " Burgers vector,” belonging to a limited family of crystallographic vectors. 
The idealized ” screw dislocation ” is that in which the dislocation line lies 
parallel to its Burgers vector ; but if this vector is not parallel to the crystal 
face at which the dislocation line terminates, the dislocation partakes of screw 
character, and provides a self-perpetuating terrace on the crystal face. If disloca- 
tions are present, it is only in certain special arrangements, for the maintenance 
of which there is no discoverable reason, tjiat they could fail to possess screw 
terminations. 

Of course, dislocation theory will be in a more satisfactory state when a 
complete account of their genesis has been given. But I did not omit to discuss 
the matter in my paper. 

Humphreys-Owen raises a very significant point : that the growth-resistance 
either at a crystal corner, or of a whole face which has ceased growing, is remark- 
ably high. By itself this could mean either that the dislocations were very close 
together in these areas or that they were absent. It is very much easier to under- 
stand the erratic nature of the growth of these small crystals on the latter 
gumption, which is also consistent with the evidence that the growing point 
is often near the centre of the face. In fact, when the growing point is not near 
the face centre of a small crystal, there is a strong likelihood of the production 
of a ** hopper crystal.” For then the diffusion field corresponding to uniform 
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deposition will result in a smaller supersaturation at the face centre than that 
at the growing point. A certain reduction, by a factor of the order loo, can be 
compensated by the growth fronts crowding together in the region of low super- 
saturation, but this compensation is definitely limited, whereas the fall in super- 
saturation which would accompany uniform deposition might even be to a 
negative value. In such cases deposition cannot be uniform but will be less near 
the centre of the face. The result will be a hopper crystal. This conclusion applies 
to small crystals, or those grown in still media, or grown fast. With larger crystals 
or good stirring the variation in concentration across a face will be much smaller ; 
on the other hand, when the growth rate is fast the amount of variation in super- 
saturation which can be compensated by a change in the spacing between step- 
lines is smaller. 

Perhaps I should summarize : the dislocation structure of a crystal has very 
little effect on its rate of growth (provided it permits it to grow at all) if the super- 
saturation is the same all over the crystal. The latter is not the case with small 
crystals, or crystals in a still medium. The dislocation density probably varies 
greatly, from substance to substance and with the conditions of crystal growth 
and treatment, but we can learn very little about it from simple measurements 
of growth rate, or even from the shape and surface topography in growth under 
usual conditions : it might be anything from i per crystal face to lo^® or more 
per square centimetre. But there is evidence in the experiments of Bunn, and of 
Humphreys-Oweii, that it is indeed much nearer to i in some of the small crystals 
they have studied. In that case, with a variation of concentration across the 
crystal face, which must exist when diffusion rules, the growth rate can be 
determined by the location of dislocations in the face. 

Dr. U. R. Evans (Cambridge) (communicated) : Three important growth forms 
(dendritic, concentric and allotriomorphic), mentioned by several speakers, 
deserve closer consideration. 

Dendritic Forms. — Mott attributes dendritic growth to the circumstance 
that the tip of an advancing needle provides a spot favourable for the replenish- 
ment of material or for the dissipation of heat. This widely held view that 
growth is favoured by a sharp point seems at first sight to conflict with the 
demonstration of Bunn and Emmett that, under certain circumstances, deposi- 
tion occurs preferentially at the centres of the faces — that is, at a maximum 
distance from the sharpest points on the crystal ; it is even suggested that the 
replenishment of material at face centres proceeds more readily than at crystal 
corners. 

The apparent discrepancy may be connected wdth the fact that, as Bunn 
himself points out, his theory neglects the growth of the crystal ; this assumption, 
which he describes as unrealistic, is doubtless permissible for many purposes, 
but in dendritic growth the movement of the tip of the dendrite is probably an 
essential feature of the mechanism. The impoverishment of a solution, which 
must alw^ays be expected during the advance of a flat face, may be avoided when 
a fine needle is pushing out into ever fresh regions. Such a mechanism would 
lead, however, to forms possessing excessive surface energy, and there will often 
be a tendency for the freshly deposited atoms or ions to re-arrange themselves, 
possibly by surface diffusion, so that the dendritic form is not developed. As to 
whether surface-rich or surface-poor forms are observed depends on the relath^e 
rates of two processes : (i) the deposition of atoms and (2) their re-arrangement. 
The second change will be influenced by the specific surface energy and the 
surface mobility of the particles. 

Certain simple experiments ^ ’ on the production of two-dimensional lead trees 
by pressing the edge of a vertical zinc strip on a filter paper soaked in a solution 
containing lead acetate may serve to illustrate the principles involved. Filaments 
of lead quickly push outw^ards along the paper, and soon the deposition of lead 
at the growing tips is proceeding nearly a centimetre from the place where zinc 
is being dissolved. The need for this “ action at a distance ” becomes clearer on 
^ sulphide indicator ; it is found that the lead salt has become almost 

Mott, This Discussion. 

Bunn and Emmett, This Discussion. 

Evans, Chem, and Ind., 1925, 812. 
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exhausted near the metallic zinc. The lead '' plants/’ unable to hnd nutriment 
at home, push out into the world to obtain it. Of course, given time, lead salts 
would diffuse towards the zinc. But diffusion under a concentration gradient is 
generally a slower process than ionic migration under a potential gradient; 
both are due to the same type of movement, but it is random in the first case 
and directed ” in the second. Whether the flow of electric current along the 
lead filaments has ever been demonstrated may be doubted ; but, in the analogous 
case of corrosion of zinc by a sodium salt solution and oxygen, the current has 
been measured and found strong enough to account for the observed corrosion 
rate. 

Clearly, dendritic growth can occur without a flow of current ; but it is 
particularly likely to be met with in the cathodic deposition of a heavy metal 
where the volume occupied by the metal after deposition is usually much smaller 
than the volume of solution containing the requisite number of ions, so that, 
in the absence of stirring, deposition in layers soon becomes impossible if the 
current, provided from an external battery, exceeds a certain value ; thus 

treeing ” has become one of the electrodepositor’s nightmares. 

Concentric Growth (in Circles and Spheres). — Patterson describes 
the spreading of rust over a pure iron surface as proceeding in a concentric manner, 
although on steel mossy growths, recalUng dendritic forms, are commoner, as 
shown also by Vernon.*® 

Spherical growth would, presumably, be the normal form of solid accretion in 
a universe in which surface energy was independent of direction. Even in our 
complicated world, it is the normal form of liquid accretion. Matter undergoing 
a phase change may be regarded as momentarily liquid, and it is tempting thus 
to seek an interpretation of the pyramid -growth spreading from face centres, 
as observed by Bunn and Emmett,^® since this geometrically represents an attempt 
to attain spherical form. One at least of those who saw the I.C.I. film was 
impressed by the resemblance of some of the phenomena to liquid flowing out of 
a hole. But such resemblances are often misleading, and it is best not to press 
the analogy too far. 

The laws of expanding circles and spheres, w^hich are important in connection 
with surface oxidation and annealing changes, have been developed by a simple 
method described elsewhere ; in cases where other, more tedious, methods are 
available, the results are in agreement. When films spread over a surface from 
pre-existing nuclei (sporadically distributed) which start to operate at zero 
time (no other nuclei appearing thereafter), the fraction of the surface remaining 
uncovered after time I will be e-^* ; if nuclei are absent at the outset, but 
appear (sporadically in time as well as in space) on the ever-diminishing area 
available, the fraction will be e-*^*. For expanding spheres, the corresponding 
expressions will be e-^* and respectively. Naturally /i has a different 
meaning (and different dimensions) in the four cases, as shown in Table I, which 
also includes the final grain-size obtained when the phase change is complete. 
Where growth has occurred solely from pre-existing nuclei, the grain size must 
clearly be independent of the crystallization velocity, being the reciprocal of the 
nucleus number. However, where there are no pre-existing nuclei, it is propor- 
tional to the appropriate power of the ratio of crystalHzation velocity to nucleation 
rate ; the numerical coefficient arises out of a gamma function. The power 
(2/3 and 3/4 in the two cases) deserves notice, since it has been stated that the 
grain size is given by the first powder of that ratio — which is surely impossible, 
since the expression would then have the wrong dimensions. 

The distinction between the expressions for spreading in the presence and 
absence of pre-existing nuclei may come to be helpful in distinguishing between 
the two cases. In some types of phase change, the points where the change 
originates are apparently not crystal germs, but seem to be points of atomic 
disarray where the energy of inception is lower than elsewhere. 

Agar, quoted by Evans, /. Iron Steel Inst,, 1940, 141, 220 P ; also Noordhof and 
Evans (unpublished work). 

Patterson, ./. Soc, Chem. Ind., 1930, 49, 206 T. 

Vernon, Trans. Faraday Soc., 1924, 19, 887 (Fig. 21). 

** Evans, Trans. Faraday Soc., 1945. 3 ^ 5 • 
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Allotrimorphic Forms. — A polycrystalline aggregate formed from a melt 
in whicli spherical crystals spread at uniform rate from pre-existing nuclei should 
consist of grains separated by plane boundaries ; if pre-existing nuclei are absent 
the boundaries will be curved, whilst, if furthermore the outgrowth is dendritic, 
the boundaries will be irregular and interlocked — as is often observed. On 
annealing, the boundaries will tend to straighten — thus diminishing the inter- 
facial energy of the system. 

TABLE I 


SYMBOLS. — V represents the radial velocity of crystallization, w the two-dimensional 
nucleus number defined by the statement that the chance of finding a nucleus 
in area element da is wda, Q the two-dimensional nucleation rate defined by 
the statement that the chance of a nucleus appearing in area element da and 
time-element 8/ is Oda8/, whilst w' and ti' are the corresponding three- 
dimensional quantities. 


Conditions 

Two-dimensional ; pre-existing nuclei 
Two-dimensional : no pre-existing nuclei . . 
Three-dimensional : pre-existing nuclei 
Three-dimensional : no pre-existing nuclei. . 


Value of k 

TTWV^ 

ttQvVS 

47rie^'v®/3 


Final Grain Size 
ijw 

ijw' 

I- 1 1 7(7^0') V 4 


An early examination *2 of Carpenter and Elam’s studies of boundary migra- 
tion showed that, out of 53 cases, the apparently concave grain invaded the 
apparently convex grain in 25 cases, whilst in eight cases the reverse movement 
was noted ; the other 20 cases were doubtful. The existence of eight apparent 
exceptions to the straightening rule (“concave invades convex") is not 
surprising, since the curvature was judged from sections and there w'as no 
information about the curvature at right-angles to the paper. If the two 
curvatures are uncorrelated, one would expect that the rule would break 
down once in four times. However, the numbers were felt to be too small 
for significant conclusions, and plans were made for an extensive research by 
Cook and the writer which should have provided data for statistical analysis 
and settled numerous outstanding questions. Preliminary data were published,** 
but, owing to Dr. Cook’s departure from Cambridge to take up a post elsewhere, 
the main research has never been carried out. 

The writer wishes to thank Dr. Bunn, Dr. Wooster and Dr. Agar for helpful 
discussion. 

** Evans, J, Inst, Metals, 1922, 27, 140. 

Carpenter and Elam, J. Inst. Metals, 1920, 24, 104 (Fig. i to 24). 

** Cook and Evans, Trans. Amer. Inst. Min. Met. Eng., 1924, 71, 627. 


II. NUCLEATION AND NORMAL GROWTH 
Introductory Paper 

By W. j. Dunning 
Received 10th March, 1949 

The simplest case of cr>"stal nucleation is the separation of two solid 
solution phases from a single phase on cooling to a point below the critical 
mixing temperature and it is natural^ to apply Einstein’s theory of 


^ Berkeley, Phil Mag.. 1912, 254* 
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fluctuations * to this process. In small regions of the metastable primary 
phase, the concentration fluctuates away from the mean. The jnrobability 
of a fluctuation has the form 




and if it is assumed to occur at constant energy, then 


AS = 


-AA 
T ’ 


(I) 


where A is the Helmholtz free energy, hence 

Pr = e-^^/fc^ (2) 

For a concentration fluctuation, can be obtained by a Taylor expansion 
in terms of the mole fractions, it will have the form,*** 


AA = AN^ + 1 1 5 ^,) AN» + 


2 \dN^^ 


6 \dN^^ 


( 3 ) 


The first term of the expansion is zero since A has a minimum value at 
AN = o. Near to Tc, only the first term of (3) is important, and in Fig. i 
is shown a plot of A against mole fraction for a temperature just below Fc 




The probability of a concentration fluctuation in a supersaturated single 
phase, represented by point x, is, however, not given immediately by the 
curvature at this point, because Fig. i refers to macroscopic systems and 
^ 9 ^* (3) involves consideration of microscopic regions. The essential 
difference is that A A in eqn. (3) must include the surface free energy between 
the fluctuated region and the bulk phase.® However, near to Te the surface 
free energy is probably also proportional to the curvature of Fig. i at x, 
hence the microscopic AA of a fluctuation will be proportional to the curvature 
of the macroscopic AjN curve. 

Small fluctuations of concentration will most probably redisperse again, 
but larger fluctuations may reach a stage where the curvature becomes 
zero and they then have an even chance of redispersing or continuing to 
grow until they become small portions of the new phase. These fluctuations 

* Einstein, Ann. Physik, 1910, 33, 1275. 

* Becker, Ann. Physik, 1938, 3a, 128. 


• These equations are not, of course, precise, they are intended to be illustrative only. 
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woiild be considered nuclei of the new phase. Under these conditions 
the probability of nucleation would be given by 


W oce 


l/rfloga\ AiV* 
^ 2\ dN ) kT 

oc e 


( 4 ) 


where a is the activity. 

Wictorin * has carried out measurements of the rate of separation of the 
two phases from a gold-platinum alloy during annealing at a temperature 
just below Tc* His results were shown by Borelius * to be consistent with the 
view that the rate of nucleation is governed by the magnitude of the curvature 
of the macroscopic A/N relation. 

Eqn. (4) will not be valid at temperatures far below Tc, and where a 
solid precipitates from a liquid phase it is very doubtful if, even in principle, 
the two branches of the A/N curve (Fig. 2) can be considered as continuous. 
In Fig. 2 branch a refers to the solution and branch b to the almost pure solid. 
The process of nucleation is no longer visualized as the progressive enrich- 
ment of solute in a small volume. Even if the small volume by fluctuations 
became almost pure solute, we should still be faced with the problem of the 
discontinuous change of liquid into solid solute. The fluctuations which 
lead to the separation of the solid solute are therefore conceived as partaking 
of crystalline properties from the start. The fluctuations begin as two 
molecules, some attaching a third, and then a fourth molecule and so on, 
into lattices of localized molecules, until minute structures are formed 
of the same crystalline nature as the solid solute. The probability of forma- 
tion of these crystalline fluctuations is considered to be given by eqn. (2) 
in which AA is the free energy of formation of this nucleus. On these 
assumptions this is found to be of the form. 


A44 = iuF, (5) 

where <t is the interfacial free energy of the crystal in contact with the super- 
saturated solution, and F is the area of the surfaces of the crystal. 

Again these fluctuations have an overall tendency to redisperse until they 
reach a critical size (** radius ” = rk) given by an equation analogous to the 
Gibbs-Thomson equation. 


RT log ^ = 

Cio 


2 aM 

rjii,8 


( 6 ) 


where and c,o are the concentrations of the supersaturated and saturated 
solutions, M is the molecular weight and S the density of the crystal. At 
this critical size, the tendency to redisperse is equal to the tendency to grow. 
Above this critical size there is an overall tendency to grow. Fluctuations 
of this critical size are nuclei.*' Using eqn. (2), (5) and (6) the rate of 
nucleation is given by 

16 NnM^ tr* 

J = ^~ .... ( 7 ) 

(iV is Avogadro's number). This theory of Volmer and Weber ® was improved 

by Stranski and Kaischew ’ and later by Becker and Doring.® 

These latter considered the detailed mechanism by which the fluctuation 

grows towards and passes the critical size. Considering the separation of a 

cubic homopolar crystal, and the crystalline fluctuation at a stage in its 

growth, the incident molecules are laid down one at a time on the sprface. 

* 


* Wictorin, Ann. Physik, 1938, 33, 509. 

‘ Borelius, Ann, Physik, 1938, 33, 517. 

• Volmer and Weber, Z, physik, Chem,, 1926, 119, 277. 

^ Stranski and Kaischew, Z, physik. Chem, B, 1934, 3i7- 

® Becker and Doring, Ann, Physik, 1935, 24, 719. 



82 NUCLEATION AND NORMAL GROWTH 

This kinetic treatment considers three stages of the growth, the fonnation 
of hnear chains, the formaticm of two-dimensional islands on completed 
surfaces, and the formation of three-dimensional lattices. Becker and 
Ddring assume no restrictions on the possibilities of attachment of the units, 
but they are able to show that the free energy of the system is smallest when 
the islands are square and the lattices are cubic. There is a critical cube 
size and a critical square size corresponding to three- and two-dimensional 
nuclei respectively. Equations are derived for the linear rate of growth and 
for the rate of homogeneous nucleation.* 

A comprehensive experimental check on the theory would require to 
show that the rates of nucleation and growth have the correct dependence 
upon the supersaturation, the temperature and the surface and edge free 
energies, and further that the pre-exponential factor is correct. A partial 
check has been carried out by Amsler.® He showed that the effect of super- 
saturation upon the induction period of nucleation (taken as inversely 
proportional to J) has a form related to that of Fig. 3. Further work with 
the same object in view is reported in this Discussion by Van Hook and 

Bruno, and by Bransom, Dunning and 
Millard. The general impression one gets 
is that the experiments broadly confirm the 
theory, though from the latter authors* 
results there appears a large discrepancy 
in the value of the pre-exponential factor. 
This may have a bearing on the funda- 
mental nature of the fluctuations. Possibly 
at some stage in the formation of the 
nucleus the fluctuation changes from 
non-localized to localized molecules. In- 
formation on this is most likely to be 
gained by stud3dng highly supersaturated 
solutions where the critical size is small. 
Possible techniques for such experiments 
are considered by Bransom and Dunning, 
though only results for low supersaturations 
are reported. A paper by Davies and Jones describes experiments in 
which the nucleation of supersaturated solutions of silver chloride is 
followed by means of conductivity measurements. They find that the 
metastable limit of the solubility product varies with the ionic ratio of Ag+ 
to Cl“ ions. This observation requires to be accounted for by quantitative 
theory ; presumably the views of Kruyt and Verwey on the structure of 
silver halide sols would be of interest here. 

The theory of Becker and Doring was derived for nucleation from the vapour 
phase. Its application to solutions must be restricted to some extent by 
diffusion processes. Since many experimental observations on nucleation 
require the nuclei to ^ow or be developed to observable or measurable size, 
its principal effect will be on this growth process. Neumann has con- 
sidered this matter and it would appear that nucleation studies in unstirred 
tubes “ may give results in which diffusion effects would mask any possible 
correspondence with nucleation theory. Van Hook, in this Discussion, 
also reports the effect of stirring upon nucleation. 

• Amsler, Acta Physic, Helv,, 1942, 15, 699. 

Kruyt and Verwey, Symposium on Hydrophobic Colloids (Amsterdam, 1938). 

Neumann, in Volmer's Kinetik der Phasenbildung, p. 209, et seq, 

“ Dehlinger and Wertz, Ann, Physik, 1939, 36, 226. 



• See Bransom, Dunning and Millard, this Discussion, eqn. (15) and (19). 
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It is, however, in the growth of crystals that diffusion may play its 
significant role. In the papers on the growth of crystals in Section II, it 
is necessary to distinguish broadly between those observations in which 
the growth of isolated crystals is studied and those in which the averse 
growth of a large number of crystals is studied, and between those in whidi 
the solution is stirred and those in which the solution is stagnant. In the 
latter it appears that diffusion may play a dominant role. Again it must 
not be forgotten that the theory is a statistical one. 

In the work of Bransom, Dimning and Millard, average growths in stirred 
solutions were measured and the interesting point which appears is that, 
contrary to the theory of Becker and Doring, the linear rate of ^owth is 
independent of the size of the crystal. This may mean that either the 
crystals have a mosaic or lineage structure, each of which requires two- 
dimensional nucleation and that growth planes are halted at the dis- 
continuities, or that there is a constant surface density of dislocations, the 
nature of which is discussed by Frank. 

In contrast to this work on non-polar crystals, which is broadly in accord- 
ance with theory, the observations of Bunn, Everett, Berg and Humphreys- 
Owen are very difficult to reconcile with theory. No connection is found 
between the rate of growth and the supersaturation at the surface. The 
growth rate of a single face changes for no apparent reason and similar faces 
have widely different rates. Further ^owth starts at the centre of a face 
and spreads outward, apparently in thick layers (except in the case of non- 
polar crystals). Bunn is of the opinion that the effects are traceable to 
the characteristic distribution of the diffusion gradient. This is attributed 
to a compromise between a tendency to radial diffusion and a tendency for 
the crystal to remain polygonal. The result is that the gradients are not 
quite radial and the surfaces of the crystal are not quite flat. 

Suggestions have been made that perfect crystals do not grow under 
mild conditions of supersaturation, and that growth on natural crystals 
proceeds by a mechanism involving dislocations. Fordham contributes 
some measurements from which it appears that distorted ammonium nitrate 
crystals grow more quickly than undistorted. 

The question of foreign nucleation as opposed to homogeneous nucleation 
is a subject which properly belongs to Section III of this Discussion. It 
is sufficient to call attention here to the work of Tschermak-Seysenegg,^ 
who found that nucleation was very specific. For example, sodium acetate 
trihydrate solutions could not be nucleated with the monohydrate nor 
with the potassium salt. Incidentally his work on the electrical effects 
which accompany crystallization is of considerable interest. 

Chemistry Department, 

The University, * 

Bristol. 

Tschermak-Seysenegg, Z. Krist., 1939, loi, 230. 


KINETICS OF CRYSTALLIZATION IN SOLUTION 

Part I 

By S. H. Bransom, W. J. Dunning and B. Millard 
Received 1st March, 1949 

The formation of a new phase from a mother phase can be considered as 
involving two processes, the formation of three-dimensional nuclei and 
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the growth of these critical nuclei to macroscopic dimensions. The experi- 
mental study of the first process particularly is rendered difficult by the 
fact that in early stages of the formation the two processes take place 
simultaneously. The nuclei themselves are difficult to observe and count, 
and it appears necessary to develop them to an observable size by growth. 
Such experiments must therefore be designed so that the added complication 
brought in by the development process can be evaluated and taken into 
account. Such experimental techniques are, we believe, described in 
Part I and II of our investigations. 

In this work, the use of salts as the precipitating phase has been avoided, 
since it was considered that there might be present complications of electro- 
static origin, arising from diffusion potentials and differential adsorption. 
In this initial exploration we have therefore restricted ourselves to cyclonite. 
This material has the advantages of being non-ionic ; it is soluble in a 
number of solvents but is relatively insoluble in water ; it is stable and 
does not decompose in solution ; it crystallizes from many solvents in iso- 
metric habits which approximate to spheres ; it has a high melting point 
and its crystals are hard and do not easily suffer attrition. 

Continuous Crystallization. — If a solid (cyclonite) can be precipitated 
from its solutions in a solvent (concentrated nitric acid) by the addition 
of another miscible solvent (water), the process of crystallization can be 
studied in the following manner. The solution and the precipitating liquid 
are fed continuously and at a steady rate into a vessel. This vessel is 
provided with an outflow through which, once the vessel is filled, the contents 
pass out at a steady rate. With efficient stirring, the composition of the 
outflow is the same as the contents of the vessel. With time the system 
approaches a steady state in which nuclei are forming at a constant rate, 
crystals are growing at a constant rate (since the degree of supersaturation 
is constant) and a constant proportion of the entire contents of the vessel 
is passing through the outflow in unit time. 

Let the volume of the contents of the vessel be V, and the rate of efflux 
V per sec. in same units of volume, this is equal to the sum of the rates of 
influx assuming that there is no volume change on mixing and crystallization. 
Let fio be the number of nuclei which form per unit volume in a short interval 
of time dto at time to- At some later time t^ some of these nuclei bom at 
time to have been lost through the outflow and those which have remained 
in the vessel (n) have grown in size under the influence of the steady super- 
saturation. At the time t^ the rate of loss of these crystals is 


dn 


d/i 



(I) 


or putting — to = 0, the age of the crystals, d0 = d^^, and 


dn V 

dO“”F’ • 


( 2 ) 


hence n = ..... (3) 

If the linear rate of growth of the crystals depends only on the supersatura- 
tion S we can put 

dr/de =/(S) (4) 

Hence r=f{S)Q {5) 

where r is an average dimension of the crystal, which for isometric crystals 
may be considered as the “ radius.” Substituting for 0 from (5) into (3) 
we get 


(6) 
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For those crystals which were bom at a time to» there is therefore a 
relation (6) between n the number which remain in the vessel and their 
size. In the stationary state the size distribution of the crystal population 
in the vessel is stationary and does not change with time. Using relations 
(6) and (4) we have for this distribution, 

.... (7) 

where w(r)dr is the number of crystals per unit volume of suspension which 
have linear dimensions between r and r + dr. Thus, if the contents of the 
vessel are analyzed and the number distribution determined, we have 

= ... ( 8 ) 

By plotting log n{r) against r we can obtain vjVf{S) and hence /(S) from 
the slope and then Uq from the intercept at r — o. 

Experimental 

Fig. I shows the arrangement of the apparatus. The crystallizing vessel A 
was cylindrical with a hemispherical bottom and had an outflow tube set in 
the side at a fairly steep angle. Vessel and outflow were jacketed and water 
was circulated through the jacket from a thermostat. The solution and diluent 
flowed from two jacketed Marriotte bottles B, B at constant rates which could 
be adjusted by altering the levels of the air inlets h, b. The jets of the Marriotte 
bottles passed into the vessel through the closely fitting lid C, through which 
also passed a thermometer. This lid carried two semi-parabolic baffles on 
either side of a propeller-like stirrer. By consideration of such factors as the 
depth and diameter of the vessel A, the shapes and positions of the propeller 
and baffles, speed and direction of thrust of the stirrer, it is possible to minimize 
any tendency of the crystals to sediment and to feed in the reactants so that 
the local supersaturations do not deviate much from the average throughout 
the vessel. All these items were mounted on a single vertical rod pivoted at 
its lower end, and clamped at its upper end. The rod could be released and the 
apparatus tipped forward to spill the contents of A into a jacketed filter D 
beneath which was a weighing bottle E to catch the filtrate. 

Before beginning the experiment water was circulated round the vessels, 
the Marriotte bottles adjusted to give the required rates of flow and the stirrer 
started in the empty vessel. Since the stirrer created a vortex any change 
in the speed of the stirrer during the experiment is to be avoided, otherwise 
the effective volume of the vessel changes. Then the influx of the solution and 
the diluent were started simultaneously and the time to fill the vessel to the 
point of outflowing is noted. The rate of outflow was noted several times during 
the course of the experiment to check the constancy of the rates of inflow. 
The experiment was then allowed to run until most of the contents of B, B had 
been delivered, hence the amount of fluid passing through the vessel A was 
about thirty to forty times the volume. To analyze the contents of the vessel 
the following procedure was adopted. Firstly, a running sample of the outflow 
was collected in order to determine later the overall composition in terms of 
the three components ; these figures were checked against the known composition 
of the reactants and their rates of influx. After noting the temperature, the 
vertical bar was released to spill the contents of the reaction vessel into the 
filter D and the crystals rapidly filtered. The filtrate was supersaturated and 
was later weighed and analyzed and the results used for calculation. The 
crystals were washed free from mother liquor, and after drying and weighing 
were ready for particle size analysis. Immediately the sample had been*tipped 
out, the inlet feeds were stopped and the remaining contents of the vessel 
allowed to stir for 30 min. The supersaturation in the vessel was thereby 
reduced to saturation, the temperature was noted since there is a slight fall 
in temperature when tiiere is no heat of mixing being produced and the contents 
of the vessel again tipped through another jacketed filter and the filtrate 
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collected. An analysis of tliis filtrate gave the solubility in the actual solvent ; 
this figure could be adjusted to tiie running temperature by means of the Iqiown 
temperature coefficient of solubility. This adjustment was usually small. 

The observations recorded were : (i) composition of the liquid phase ; 

(2) amount of solid in suspension ; (3) particle size distribution ; (4) degree of 
supersaturation ; (3) temperature ; (6) effective volume of the vessel ; (7) rate 
of influx and effiux (i;). From these figures a number of cross-checks could be 
made to ensure that the necessary theoretical conditions were in effect. 



Fig. I. 


The particle size distribution was obtained by means of a photoelectric sedi- 
mentometer, a description of which has appeared elsewhere.* By means of this 
instrument either n(r) or W(r), the weight of particles which have radii between 
r and r + dr, can be determined. In "^e present case, W(f) was measured and 
this is related to n{r) by 

W{f) = yn(r) r^d, .... {9) 

where d is the density and y is a shape factor, y is equal to 47r/3 if the particles 
are spheres. On this basis eqn. (9) becomes 


W(r)^ 


^Ttdr^fiQ 

f(S) 


Q-vrlVf{S) ^ 


(10) 


* Bransom and Dunning, J. Soc, Chem. Ind,, 1949, 68 , 80. 
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Fig. 2 a shows this function and Fig. 2 b sl t3rpical result obtained in the present 
experiments. In Fig. 3 the plot of log n{r) obtained from Curve 2 b is sho^; 
tms is derived by using eqn. (9) . Eqn. (8) shows that if the theoretical conditions 
are fulfilled log n{r) should be a straight line when plotted against r, and it is 




seen that the deviations are small. The slope of this curve gives f(S) according 
to (8). The position of the maxima on these W{r) against r curves is easily 
shown to be 


3 Vf(S) 


(II) 


which allows a check on the values of f(S) derived from the slope of the log 
n{r) against r plot. " * 

The intercept of the log n(r) against r line with the ordinate for y = o gives 
a value of n^. Since, however, the results of the photoelectric sedimentometer 
are not easily interpretable for crystals smaller than about r == 10 fx, an extra- 
polation has to be made here, but the relative values of and the order of 
magnitude should be reliable, unless large and varying slopes occur between 
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r 10 (X and f = ft, the radius of the nucleus. Another value of can bo 
obtained from rnu*. by means of the relation, 

(w) 

where y is the yield of crystals per unit of time from the outflow, and is the 
number of nuclei formed per unit of time per unit volume. Eqn. (12) serves 
as a check on the previous value obtained for n^. 

Results 

Table I gives the results obtained for a series of experiments at about 67° C ; 
groups of these experiments were carried out for times of passage {Vjv) in the 
regions of 2*5, 6 and 14 min. The third column gives the percentage of nitric 
acid in the mother liquor of the crystallizing vessel A, and these values were 
reasonably constant at 54 % ± i. Definite trends are noticeable between 
the factors Vjv, yniax.» ^h® linear growth f(S) and the rate of nucleation. 


TABLE I 


Date of 
Expt. 

Temp. 

(° C) 

Mother 
Liquor 
Comp. % 

Time of 
passage 
(min.) 

^max. 

f{S) 

(x/min. 

Supersat- 

uration 

«o/nil. min. 

23.2.42 

66-5 

54*1 

2*40 

58 

8*6 

•016 

8*4 X 10* 

27.2.42 

68-5 

54*4 

2-25 

52 

7*7 

*047 

9*3 X lo^ 

16.3.42 

67-5 

56-0 

2 *60 

54 

7*6 

•018 

7*0 X 10* 

26.5.42 

66*7 

53*1 

3*0 

52 

6-4 

•066 

7*2 X 10* 

28.5.42 

68-8 

53*0 

2*8 

57 

7*9 

•039 

6*2 X 10* 

3.6.42 

67-8 

53*7 

2-9 

57 

6*9 

•030 

7*4 X 10* 

Average 

2*7 

56 

7*6 

•043 

7*3 X 10* 

5.6.42 

66*4 

54*7 

5*7 

84 

5*6 

•044 

1*4 X 10* 

8.6.42 

65-6 

53*0 

6*1 

80 

4*0 

•020 

1*7 X 10^ 

9.6.42 

65-0 

54-6 

6*1 

70 1 

3*5 

•020 

2*6 X 10^ 


Average 


6’0 

78 

4*3 

•028 

1*9 X 10* 

17.6.42 

66-0 

52-6 

13*5 

130 

2*6 

•006 

0*28 X 10* 

18.6.42 

66-0 

53*9 

14*5 

130 

2*9 

•010 

0*20 X 10* 

2.6.42 

66*3 

53-6 

14*5 

105 

2*1 

-030 

0*30 X 10* 

Average 

14*0 

120 

1 

2*5 

•015 

0*26 X 10* 


The least satisfactory are the measurements of the supersaturation which 
exhibit a wide scatter. Nevertheless, comparison of averages in columns 6 and 7 
suggests that the rate of linear growth is a linear function of the supersaturation 
over the limited range studied, i.e., 

df = /fSd0 ..... {13) 

or 

r = kS^ (i3«) 

The trend of with the supersaturation (eighth and seventh columns) is such 
that is a function of a higher power of the supersaturation than the first. 
An empirical relation would be 

no = qS^ ( 14 ) 

Discussion 

Whilst the above results are limited in extent and precision they exhibit 
trends which are worth examination. Volmer ^ has modified the theory of 
Becker and Ddring * to obtain equations for the linear rate of growth of a 

^ Volmer, Kineiik der Phasenbildung (Steinkopff, Dresden and Leipzig, 1939). 

• Becker and Ddring, Ann. Physik, 1935, *4 (5). 7i9* 
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crystal and the rate of homogeneous nucleation. Volmer gives for g (the 
linear rate of growth of a crystal in cm./sec.) the expression, 

5 = le/iFSx e-'^'/kT e-^"/kr ^ . . (15) 


where (Xi — (x,x„ 


= kT log ^ log ^ ~ . 

Otio ^10 


= (16) 

^10 

(Xx, aj, Cl are the chemical potential, the activity and the concentration of 
the solute in the supersaturated solution and (Xn^, ajo, Cjo the corresponding 
quantities in the saturated solution, and S is the supersaturation. A* and 
A" are the activation energies for the formation of "'one-dimensional'' 
and " two-dimensional " nuclei on the surface of the crystal ; 8 is the 
distance between the crystal planes normal to the direction of growth, 
and X is the length of side of the square two-dimensional nucleus. Since 
this nucleus is in quasi-equilibrium with the supersaturated solution, an 
equation analogous to the Gibbs-Thomson equation can be written 


X = 



(17) 


where p is the edge free energy. The factor w^F represents the number 
of solute molecules which encounter the crystal surface of area jF. From 
this it would appear that the rate of linear growth should be proportional 
to the radius or to the square of the radius of the crystal.® If this were 
so our analysis of the stationary state in the reaction vessel (eqn. (i)-(7)) 
would not give a Poisson distribution for n{r) and since such a distribution 
is obtained experimentally, g must be independent of r. Also ze'jF may 
be expected to depend upon the first power of the solute concentration and 
upon the diffusion coefficient of the solute. 

With these modifications there results 


g == const. ^ p/(D) ^ ^ ^ ^ (jg) 

where f[D) is some ftmction of the diffusion constant D, 

or log g = log ^-A-IkT _ log c, - ^ . . . (19) 

At 340° K and near to it, we will treat the logarithm on the right-hand 
side as constant since A^JkT may be expected to be of less significance than 
A'^jkT, and we have no data concerning the temperature dependence of D. 
From 

A" _ coMpWo 

~kT~' 2dmf^S* .... ( 20 ) 

where o is a shape factor (taken as 27r). We now have 

log g = log (const.) — log Cl — 478 X 10” • 

From this equation for the rate of linear growth, the edge free energy p 
may be calculated in two ways, from the dependence upon the supersatura- 
tion S at constant temperature and from the dependence upon temperature 


* Smolachowski, Z. physik. Chem., 1918, 9a, 129. 

* Volmer, Kinetik der Phasenbildung (Steinkoplf, Dresden and Leipzig, 1939), p. 104 

and 183. 
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at constant supersaturation. The first method is more free from objection 
since at constant temperature D and the encounter frequency (since the 
supersaturations are small in these experiments) are constant. The second 
method is dependent upon the assumption that the temperature coefficients 
of D and p are constant and that the encounter frequency WyF merely 
increases proportionally to the increased solubility. 



For the first method we have at T = 340° K and Ct constant : 

P* 

log g — log dr/dt + const. = const, — 4*14 X 10^® ^ . 

In Fig. 4, logiQ dr/dt is plotted against i/S, the values being the averages in 
Table I. A straight line has been drawn between the three points, and from 
its slope it is found that 

p == 7*4 X lo'^® erg/cm. 

The second method gives for = 340 and = 349° K with the solu- 
bilities Cj equal to 1*13 and 1*43 g./ioo g. acid at and Tg respectively, 

‘“s f; - - 478 X io» - i) . 

Table II gives the rate of growth at 349° and S = 0*022 as 8*o X I0“* 
cm./min. and from Fig. 4 the value at S = 0*022 is interpolated. From these 

p = 22 X io“® erg/cm. 


TABLE II 


Date of 
Expt. 

Temp, 
oc 1 

Mother 

Liquor 

i % 

Time of 
passage 
(min.) 


f{S) 

1 Supersat- 
uration 

Wo 

10.3.42 

76*1 

! 56*4 

2*65 

57 

■ 8-4 

•on 

5*9 X 10* 

11.3*42 

75*8 

1 54*2 

2*75 

58 

7-8 

•030 

5*9 X 10* 

12.3.42 

75*0 

1 56*2 

2*75 

55 

77 

•025 

5*9 X 10* 

Average 

2*70 

57 

8*0 

•022 

5*9 X 10* 
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In a similar manner the free surface energy or may be calculated from the 
results in two ways. The theoretical relation derived by Volmer ® is 

. . . (21) 

where A" is again the activation energy for surface nucleation and A'" 
the activation energy for homogeneous nucleation. Using Volmer's relations 
we have 


and 


2 A'" 2 A"' 

“ fi. - |X..« “ hTS ’ 


( 22 ) 


J — 


2 A'" 

kfS 


e*X/3kr Q-A"lkT ^-A"'lkT^ 


(23) 


which now bears a close resemblance to Becker and DSring’s equation. 


7 e-<*-'"W3*re-'i"/kre-^"V« , . (24) 

^ ^ ^ kT 


except for the factor involving X the heat of solution and a term (pij — 

<^i/S. For our present purpose we will use an equation without the X 
terms : 


o A**' 

J — W Z ^-A"lkT Q-A'"!kT 

J - * J 5 e 

dl' _ (jf \ 

with , 

we then obtain in the neighbourhood of 340° K, 

log J = const. — 3 log S — 27 X 10^ 


CT^ 

7352 * 


(25) 

(26) 


in which we have included A*' jUT in the constant term. 

The surface free energy o may be calculated from the dependence at 
constant temperature of the rate of nucleation n© upon the supersaturation S. 
At 340° the relation becomes 

O’® 

log ] = log «o — const. = const. — 3 log S — 6*9 X ^ . 


In Fig. 5, log fio + 3 log S has been plotted against i/S^ and a straight 
line drawn between the points. From the slope we obtain a value of 

or® = 0*25 (erg/sq. cm.)®. 

Another evaluation may be obtained from the temperature dependence 
at constant supersaturation. It must be remembered that the encounter 
frequency u\Zi may be expected to depend upon the diffusion coefficient 
and upon the square of the solute concentration. We shall for the present 
purpose assume that the diffusion coefficient is independent of the tem- 
perature. Thus, 

log J = log «o + const. = const. + 2 log Cx --- 27 X 10® . 


The value of no at 349® and 5 = 0-022 is 5-9 x IO^ a value of «o at 340® K 
and the same supersaturation can be interpolated with the aid of Fig. 5 > 
and this is no == 2*84 x 10*. Using the values of the solubilities given 
above we arrive at a value, 

a® = 0-27 (erg/sq. cm.)®. * 

These values give a = 0-64 erg/sq. cm. Too much stress ought not to be 
laid upon their concordance, considering the assumptions ma^, especially 


® Volmer, Kineiik 4er Phasenbildung (Steinkopff, Dresden and Leipzig, i939)i P* *73* 



92 


KINETICS OF CRYSTALLIZATION JN SOLUTION 


in the latter case and particularly in view of the scatter in the experimental 
results. The order of magnitude of a can sometimes be estimated from 
the heat of solution. The temperature coefficient of the solubility gives a 
value of X = 4*2 x io“^® erg/molecule. Taking the surface area of a molecule 
as 6S*, this gives o ^ 13 erg/sq. cm. This is about 20 times greater than 
the derived figure but does not make allowance for surface effects such as 
interphase potentials which will occur only in the presence of the bulk 
phase, as distinct from the molecularly dispersed phase, and also of effects 
such as preferential adsorption of one of the solvents. The difference 
between the estimated value, which is a surface heat content and the 
required surface free energy due to the surface entropy factor will probably 
be a minor part of the discrepancy. 



If any weight can be given to the degree of concordance between the 
two values of <y compared to the wider discrepancy between the two values 
of p, an explanation might lie in the relative importance of diffusion in 
the encounter processes of the two mechanisms. It seems reasonable that 
diffusion will play a greater role in the growth of a large crystal where the 
large surface demands solute from a Imear concentration gradient, than 
in the formation of a nucleus where the small nucleus is at the centre of a 
radiating concentration gradient. 

The following figures give some idea of the orders of magnitude involved. 
They are calculated for T — 340° K, S = o*022, p = 7-4 X lO’'®, and 
a = 0-64. The surface nucleus contains 45 molecules, the three-dimensional 
nucleus {uk) contains 320 molecules, A'^jkT = i, A^^'jkT = 3*62, and 
X/JfeT == 10. The surface nucleus is thus about the size of one side of the 
three-dimensional nucleus, assuming the latter to be a cube. We included 
A"lkT with the constants in our calculations of a. This is justified if we 
use the value of 7*4 x lo”® for p since the variation in this factor is but 
10 % of the variation of A'^'/kT with temperature. It is not justified if 
p is taken as 22 x lO"®. If the latter figure were used to derive a new 
value for a from the temperature coefi&cient of Wo, a negative value of a 
would be obtained. 
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The neglect of the term in X/lfT in the calculation of the temperature 
coefl&cient seems very serious in view of its order of magnitude. Towards 
the end of his calculation, Volmer ® makes the following identifications t 

4x*(ea 
X (Ej 

3(e* 

We have already seen that there is a discrepancy between which 

is the surface energy per atom and the estimated value of the surface energy 
as calculated from the heat of solution. An alternative method is to 
calculate 3(62 — £3) from our experimental values of A'*' and A'\ We 
then have fik = (2x)® = 320, whence 4X* == 46-7. The size of the surface 
nucleus is 43 molecules, from which x = 3*4. Then 


e,) = A"'\ 
sa) = A" \ 
Sg) = X j 


• (27) 


kf 


3-62 

467 


= o*o8, 


and ^ = 0-29. 

kT 3*4 

Volmer's exponent is 2(62 — which equals 0‘i5 or 0*5, and so this 

exponent may be much smaller than the substituted value of which 

he used. The contribution of this term to the temperature coefficient of 
no is then only about 1-2 % of that observed. 

The most convenient way of comparing the order of magnitude of the 
experimental and theoretical rates of nucleation is to compare the values 
of the factor Inserting the values obtained for S = 0*022 and 

T = 340° K in Volmer’s equation (23) it is found that 

logio = 2*2. 

For crystallization from a supersaturated vapour, Becker and Doring 
describe ifo^Z^ as the gas kinetic binary collision frequency. By analogy, 
w^Zi in our case should be the binary encounter frequency. Studies of 
chemical reaction kinetics in solution ® suggest that the binary collision 
frequency between solute molecules would be in our experiments of the 
order per sec. This figure probably includes repetitive collisions and 
it is likely that in nucleation the encounter frequency would be more 
appropriate. Considerations based on the work of Smoluchowski,® Bradley ^ 

and Olander ® suggest that the encounter frequency is but one or two 
powers of ten smaller. The resulting figure for w^Z^ of lo^® or lo^’ is very 
far from the experimental result. 

In their calculation Becker and Doring consider only energy terms, and 
towards the end make the substitutions given in our eqn. (27) and (28), 
in which total surface energy appears to have been confused with free surface 
energy. Thus it might appear that entropy terms have been neglected 
throughout their calculation, and that the large decrease in entropy on 
cryst^ization would introduce a factor which would considerably reduce 
the probability of nucleation. In order to investigate more closely this 
question, it is convenient to transcribe Becker and Doring's treatment into 
Eyring's nomenclature.® 


• Moelwyn-Hughes, Kinetics of Reactions in Solution (O.U.P.). Hinshelwood, 

Kinetics of Chemical Change (O.U.P.). 

’ Bradley, /. Chem. Soc,, 1935, 1910. 

® Olander, Z. physik. Chem,, 1929, 144 , n8. 

• Glasstone, Laidler and Eyring, The Theory of Rate Processes (McGraw-Hill, New 

York and London, 1941). 
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In thus sketching their treatment, we assume that the partial potential 
of the solute in the supersaturated solution is given by 

Jjl 


(x, = - *r log^^ + I 


(28) 


where * is the mole fraction and/i the partition function of a solute molecule. 
For the infinite solid, 

= —kT log/* .... (29) 

where /, is the partition function of a molecule in the solid. The rate of 
deposition of solute molecules onto the surface of a crystal is given by 


kT Pt, 




i+ 1 


Pi/Ve 

where o) is a weight factor (number of sites available), Pi is the partition 
function of the crystal onto which the molecule is depositing and Pj'+i is 
the partition function of the activated state consisting of the crystal and 
the depositing (or dissolving) molecule. The rate of solution of molecules 
from the crystal is given by 

kT Pti^ , 

h 


(0 




(31) 


At equilibrium between the saturated solution (mole fraction Xo)» 

- fi-f 1 f 

Pi 

i.e., /je and /« are measured from the same zero of energy. 

The system of equations appearing in their theory then takes the form 


(32) 


J h 


X co» 


Ph 


*+ 1 


Pih 


Zi^ 


kT Ph+ 1 „ 

~jr ^*+1 “iD ^*+1 


4+1 


From these, there results 


J-Zi 



kT P^n$JM+ 

- 


X UeJ , 


I -1 


(33> 


(34> 


The partition function of the transition state can be written as 

P^mlh-^l “ Pmlhf^ » 

where ft is that part of the partition function due to the adsorbing molecule*. 
We may consider the small crystal to be composed of 

(w — 2) (A — 2) (1 — 2) 

interior molecules, each of which has a partition function of /"W ; of 
2(m — 2) (1 — 2) + 2(1 — 2) (A — 2) + 2(A — 2) (w — 2) 
surface molecules, each with a partition function of /mw(s) ; of 

4(w + 1 + A) — 8 

edge molecules, each with a partition function of fnah{e ) ; 
eight comer molecules, each with a partition function 


and finally of 
Putting 


f ndk(s) r/ 

y''' .. — J 


nUh 


mlh 


f mlh fmlh{s) 
fmthjc) 


we have 


f mlh » • 

r'mlH ’ 


(35) 

(36) 


(37) 
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The condition for quasi-equilibrium between the supersaturated solution 
and the small crystal is given by 

_* -P wO ? /~o\ 

where 8 takes into account the changes in the partition functions /«<* when 

X 

mlA is increased by unity and n = mlA. Inserting this value of — into 

/iC 

the equation for J, and taking m = Z = /^ = 2x, we obtain 


J 


h ■ 


(39) 


Also 


Pr /.e • 

All the terms except ft and 8 appear in different guise in the Becker-DQring 
theory, so it is these two terms we must examine. The free energy change 
for the deposition of the last molecule into the activated adsorbed state 
on the cr3rstal tnlh is given by 


- AF* = hT log 


/.e 


(40) 


The entropy portion of this change will be due mainly to the loss of the 
rotational degrees of freedom of the dissolved molecule as it becomes 
activatedly adsorbed. Since such a complicated molecule as cyclonite 
must fit precisely into the lattice, this entropy factor may reduce the 
probability of nucleation by as much as lO”^®. The factor 8 takes into 
account the fact that the molecular partition functions in the small crystal 
vary with the size of the crystal. For example, the oscillation frequency 
of a molecule in a small crystal will be greater than that in an infinite 
crystal. The entropy change due to this can be estimated from the decrease 
in entropy of a crystal under the influence of increased pressure. This i& 
given by 

r W 

- = J (41) 


However, if likely values of the coefficient of expansion and the pressure 
change are substituted, the effect proves to be insignificant. 

It is possible that an examination of the partition functions of smalt 
crystals might reveal interesting factors, since the distribution of the normal 
modes may be expected to depend upon the size to a very marked extent. 
Another possibility is that the nucleus may not at the critical stage be a 
small crystal, but may partake of some of the properties approximating to 
a liquid. A variation of this idea would be a suggestion that the adsorbed 
monolayer is non-localized. 
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In Part I, the continuous method of studying crystallization kinetics was 
discussed and some results were presented. Although the results obtained 
are extremely promising, the state of crystallization as a branch of knowledge 
is so insecure that we consider it necessary to develop a number of different 
modes of experimental attack. If, then, results are obtained by widely 
different techniques, any agreement among them can be considered signifi- 
cant, Criticisms can often be made against experiments the validity of which 
is difficult to assess. For example, one obvious objection to the continuous 
process is that the crystals, already present in the stirred vessel, '' catalyze 
in some way the formation of new nuclei, e.g., small submicroscopic chips 
may be formed by mutual attrition. Again, in the continuous process it is 
difficult to exclude foreign nuclei without considerable elaboration. Whilst, 
if the results are precise, it is possible to exclude such criticisms by a study 
of the functional dependence on the variables, nevertheless we have considered 
other methods of investigation, the results of which can be used to check 
those from the continuous process. 

Another such technique can be referred to as the batch process to 
distinguish it from the continuous process. In this method a degree of super- 
saturation is brought about suddenly, giving rise to subsequent nucleation 
and growth. The initial supersaturation then falls to zero because of the 
precipitation of the new phase. In the experiments to be described, the 
initial supersaturation was brought about by the addition of water to a 
concentrated solution of cyclonite in acetone. The solubility of cyclonite is 
much less in the aqueous acetone. It is profitable to consider the mathematics 
of such a precipitation. It will be assumed that the rate of nucleation depends 
only upon the supersaturation S (where 



Cj is the concentration of the supersaturated solution and Cxo that of the 
saturated solution) and not upon the presence or absence of other crystals, 
nor upon such effects as stirring. In this case we can put : 

Rate of nucleation = F(S), . . . (i) 

where F[S) is an unspecified fmiction of the supersaturation. In the same 
way we will assume that the linear rate of growth of nuclei and crystals is 
also a function of S alone and does not depend upon the size, rate of stirring, 
etc. Hence, if r is a linear dimension, 

dr/d6 =:/(S), . ... (2) 

where 0 is the time measured from the initiation of supersaturation. At such 
a time 0, the distribution of size of the crystals in suspension, can be described 
by a function 

(3) 

96 
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which gives the number of crystals present at time 6 that have radii greater 
than r. In this notation, the rate of nucleation is 




(4) 


Since only nuclei with r = o are newly formed, the total differential of 
n(r, 0 ) with respect to 6 will be zero, i.e., 

<in(r, 6 ) ^(r, 0) , 

<)0 ir " ^ ^6 ^ • • • V5 


or 


2>«(r^e) _ _ ^w(f, 6) . 

ae ■ “ ^ • i>r ’ 


finally the supersaturation S(0) at time 0 is equal to the initial super- 
saturation S(o), less the amount of solid which has crystallized at time 0, i.e,, 


5(0) = 5(0) 


r($) 

o>d r '<>n(r, 0 ) 

mJ 


rMr, . 


(6) 


O 


where d is the density, M the molecular weight, r(0) the radius of the largest 
crystals, i,e., those which were bom when 0 = o, and to is a shape factor 
( = 477/3 for spherical crystals). We may also write 


5(6) = 5(0) - j I j f(Sr) . dT ) . . (7) 

O t 

e e 

i.e., 5(0) = 5 (o)-^^Jf( 5,).{ J/(5.)dT|d<. . . ( 7 a) 

O 

where o < ^ < 0 and / < t < 0 . 

We now consider applications of these expressions to experiments. If the 
experiment consists of following the decrease of the supersaturation with 
time, 5(0) is then known, but to derive the functions F(5) and f(5) from this 
relation would be a laborious task, unless the functions are of very simple 
form.^ Even if the general forms of the functions are assumed to be those 
given by the Becker-Doring theory, ^ it would still be a lengthy task to 
match up the two sides of the equation since the surface free energies and 
edge free energies are not in general known. A more promising method 
would be to consider the relation in neighbourhood of 5(o). We can then 
put as a first approximation on the right-hand side of (ya), 

5, = St == 5(o) , 

and obtain 5(6) - 5(o) = -F {S{o) } . [f{S(o) }]» . 6 * . . ( 8 ) 

If, therefore, S(0) is plotted against 0^, the tangent at S(o) will give a value of 

F{S(o)}.[/{S(o)}]3 

and the form of this product can be obtained from a series of experiments in 
which 5(o) is varied. 

Another type of experiment is that in which the increase in the T 5 nidall 
scattering of the crystallizing solution is observed. A beam of light is passed 
through the solution and the intensity of the scattered light measured 
throughout the course of the precipitation. In the initial stages of the 


D 


^ Todes, Acta Physicochim,, 1940, 13, 617. 

* Becker and Ddring, Ann. Physik, 1935, 24, 719. 
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precipitation, the particles will be small enough to scatter light according 
to :^yleigh’s formula,* 


I KIq (x -{” cos* 


n.v^ 

T* 


( 9 ) 


where I is the intensity of the scattered light of wavelength X and primary 
intensity lo, measured at an angle 9, the number of particles of volume v 
being n per unit volume. At time 6, 


= 4 |L| p^s,) . r I f{Sr) . dT? . 


d< 


(10) 


Hence 


(II) 


assuming spherical particles. 

7(6) = F{s{o)} [/{S{o)}]« . 0 ’ 

when 6 is small. From this relation it may be possible to derive values for 

F{S(o)} [/{S(o)}]« 

for various initial supersaturations. Carried out in conjunction with the 
previous experiment in which 

F{S(o)}[f{S{o)}]^ 

is found both F{S(o)} and /{S(o)} should be derivable. Such a technique 
should give valuable information regarding the initial stages of formation 
and growth of nuclei. When the crystals grow larger and hence comparable 
with the wavelength of the light used, deviations from the Rayleigh 
expression will appear.* Observations on the polarization of the scattered 
light would furnish some information on the shape of the nuclei. 

Another method of obtaining F(S) and f{S) has been studied by us, in 
which the final particle size distribution of the precipitated crystals has been 
used. For 6 = 00 eqn, (6) gives 

fmax. 

Oid r in{r, 00) 

M J 


S(o) - S(<») 


r»dr. 


(12) 


where 


is the size distribution of the final precipitate ♦ and rmax. is 


00) 

the size of the largest crystals present. These largest crystals are those bom 
first in the experiment and have therefore been growing for the longest time 
in the most supersaturated solution. Hence in the final particle size distri- 
bution, we may immediately identify the largest crystals present as resulting 
from those nuclei bom in the time interval o to d6 when the supersaturation 
was 5 (o). In the same way, all particles in the range tb to re + dr^ of the 
final distribution were bom in the time interval 6 to 6 + d6 when the 
supersaturation was Se. Now the number of such crystals in the final 
distribution is ra«(r,oo)l ^ , 

to) 

which is equal to the number of nuclei bom in the interval 6, 0 + d 0 . Hence 
pn(r, oo)l 


1 '^r 


J f-r. 


(14) 


* Rayleigh, Phil. Mag., 1899, 47, 375. 

* La Mer, J. Physic. Chem., 1948, 5a, 65* 


♦ Note that the symbol hers differs from that used in Part I, there nir) was used for 
^n{r) 
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or 


®)]. == 

\ <>0 




( in(r, oo) 
\ 


'} ’/{S(e)} 

Jr-r. 


( 15 ) 

(16) 


and 


F{Sm _ 

/{S(e)} “ I Sr • 


(17) 


The right-hand side of the equation is known from the determined particle 
size distribution, and so the ratio on the left is known. 

The supersaturation S(6) at which these particles were bom can be calcu- 
lated. From (ya) and (15) we have 


5 ( 6 ) = 5(0) - . f{S(t ) } [ j /{SJ . dxl' dt ; 

O 

using (2) we have 

sm - s(o) - . [ I ns,) . d.]'. d,„ 

O * t 

and if the rate of growth is independent of the size then 


finally, 



(18) 



The integration of (18) can be carried out graphically quite readily from 
the final particle size distribution. The photoelectric sedimentometer gives 

a plot of — against r. In Fig. i we have put as «'(r) in closer 

conformity with our notation in Part I. To illustrate the procedure in the 
graphical integration of eqn. (18) absciss® fmax., ^1, ^2, ^4 and 
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the corresponding ordinates, w'max., n'j, n\, n\, n\ . . . , ixt, marked off. 
The supersaturations “at which these groups were bom are then obtained as 


S(o) - Si 


M 


. n\ . (rmax. — , 


S(o) — ' S 2 — * ^ |n'i{rmax. 





.)■}. 


S(o) — 5(6) = ^ jwi'Cw. — r*)® + . . . + n'e (rmax. — H 

In this manner we can obtain the ratio (= in Fig. i), as a 

/{S( 6 )} 

function of Se from a single precipitation. In order to separate F{S( 6 )} 
from /{ 5(6) }, the following technique appears to be available. From eqn. (ya), 

e 9 

f /(^r) . drjdt , 

o ‘-r J 


9 _ 9 

but ^ ( 6 ) = <p J F(S,) . I J /(Sr)dT ^dt , 

where ^4(8) is the total surface area of the precipitate present at time 0 and 
9 is a shape factor (= 4 ‘ 7 r for spheres). Hence 

If, therefore, during the experiment the changes in the supersaturation and 
the total surface area of the precipitate can be recorded, then /{S( 6 )} can 
be evaluated. A convenient method of determining A[%) is by means of a 
photoelectric turbidimeter (similar in operation to our photoelectric sedi- 
mentometer ®). 


Experimental 

A solution of recrystallized cyclonite in acetone-water was prepared and freed 
from foreign nuclei by developing these slowly to lilterable size. More solvent 
was then added to the filtered solutions and they were then kept at about 35^^ C 
for some hours before use. The solution was transferred to the jacketed vessel A 
(Fig. 2) ; B and C form a second smaller vessel, and C is a flat plate attached to 
a shaft ; it carries paddles on its outer edge, which stir the contents of vessel A 
when the shaft rotates. B is a composite tube consisting of a narrow plate fitting 
over the shaft of C and a wider portion at the bottom. The end of this wide 
portion was ground and polished to fit the surfac:e of plate C, so that when 
pressed against the plate the two form a liquid-tight vessel. It was found neces- 
sary to grease the joint slightly in order to render the small vessel liquid-tight. 
The tube B was attached to a collar sliding on the shaft of C and driven round 
with the shaft by a sliding key. This small vessel contained sufficient water to 
dilute the solution in A to a final concentration of 50 % by weight. After the 
two liquids had reached the temperature of the circulating water (about 247'^ C), 
a trigger was released and the tube B was snapped away from the plate C b}^ 
means of a spring. This occurred with the stirrer shaft in motion and the diluting 
water was projected and stirred rapidly into the outer vessel. A small heat rise 
(about 0*3'’ C) occurred on mixing and so water from a second thermostat at 
25® C w^as switched in at the moment of mixing. 

In this apparatus there was no means of following the decrease of super- 
saturation, and visu?d observation was relied upon to estimate when the precipi- 
tation had approached completion. The crystals were then filtered by means of 

* Bransom and Dunning, /. Soc. Chent. Ind, 1949, 68 , 80. 
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a jacketed filter and the concentration of the solute in the mother liquor was 
determined and checked against the predetermined solubility. The crystals 
were weighed and a sample analyzed for particle size distribution. 

Fig. 3 illustrates the type of size distribution for colonies produced from 
solutions whose initial supersaturations were less than about 2*5. The number 
of particles n'{r) with sizes between r and r + dz rises to maximum with increasing 
r and then drops very steeply to zero. Theoretical considerations suggest that 
there should be a sharp cusp at the cut-off at Zmax., the rounding of the curve 
at this point which is found experimentally is no doubt due to limitations in the 
experimental technique. The cut-off in the region of small radii is probably due 
to the loss of the smaller crystals through the filter. 

These size distributions were treated as described above in order to obtain 

as a function of Se, and it was further assumed that 

/{S(e) )-«(«). 

where ^ is a constant. In this way, by multiplying by 5(0), values of - Lw / 

were obtained. Fig. 4 gives the plots of these values as derived from a series of 
experiments in which the initial supersaturations were varied. 

It is seen that the curves superimpose on each other. This implies that the 
rate of nucleation depends only upon the supersaturation and not upon the 
presence of crystals. Hence there is no evidence for auto- or secondary -nuclea- 
tion,® nor does the stirring cause attrition with the formation of small centres 
for crystallization. Furthermore, it is seen that the points for initial nucleations 
also lie on the curve. Since the initial supersaturations are known from the 
quantities of the solvents and solutions which were used, the integrations were 
dispensed with and the particle size distributions merely used to obtain the 
number of particles with the maximum radius. In this way the rates of initial 
nucleation in the initial supersatu rations were determined for a number of solu- 
tions. The results are shown in Fig. 5, where F{S(o)}/A is plotted against 5(o). 
Since k, or better /{ 5 (o)}, is not known, the ordinates are relative in magnitude. 
However, it is seen that F(S)/k is a steeply rising function of the supersaturation. 

It has not been considered profitable to examine these relationships in greater 
detail, e.g., in relation to the Becker -Doring theory, since the results are pre- 
liminary and serve mainly to illustrate an experimental technique. 

We wish to express our thanks to Prof. W. E. Gamer, Prof. E. G. Cox, 
Dr. M. Hey and Dr, B. Touschek for the interest they have shown in the 
work. The paper is published by permission of the Chief Scientist, Ministry 
of Supply. 

Department of Chemistry, 

Bristol University. 

• Altberg and Lavrow, Acta Physicochim., 1940, 13* 725. 
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THE PRECIPITATION OF SILVER CHLORIDE FROM AQUEOUS 

SOLUTIONS 
Part I 

By C. W. Davies and A. L. Jones 
Received 2 (>th January, 1949 

When a substance separates spontaneously from its supersatiiated 
solution the kinetics of the process can be expected to be most complex, 
at any rate in the early stages ; for the growth of existing nuclei and the 
formation of new ones may be proceeding concurrently, and the number, 
size and size distribution of the crystal nuclei may be changing rapidly with 
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time* The experimental study is further complicated by the difficulty of 
exactly reproducing the conditions under which spontaneous nuclei formation 
is induced, either by gradual temperature variation or by the mixing of 
solutions ; and a foreign substance present in traces, solid or dissolved, 
may be expected to exert an influence out of proportion to its concentration. 

In view of all this it is not surprising that the published measurements 
of crystallization rates have been difficult to interpret, and that such theories 
as have been advanced still lack convincing experimental support. In 
our work we have tried to simplify the problem by first studying the 
behaviour of silver chloride under such conditions of concentration that 
fresh nuclei are not being formed. The measurements reported here help to 
define these conditions. 


Experimental 

Precipitation was followed by measuring the conductivity of the solution. 
The amount of AgCl precipitated at any moment was calculated from the 
equation : 

__ A . Ac __ A . Aw 

lOOO V 

where n is the number of g. -moles precipitated, Ax the corresponding change in 
the specific conductivity of the solution, v the volume of solution in ml. and A 
the sum of the ionic conductances of the silver and chloride ions. The latter 
quantity could be regarded as a constant, within experimental error, in the 
solutions investigated which were all within the range of ionic strength i — 3 x 
10"®; it was given the value': A = 138*26 — 91*7 (3 x io"®)Vi = 137*76, 
where 91*7 is the Onsager slope. The concentration of KCl or AgNOa, when 
required, could be calculated in a similar way from the conductivities, or vice versa, 
using the mobility values 73*52 for K+, and 71*44 for NOj— . 

The measuring bridge was of the type previously described,® and, with the 
low conductivities studied in this work, enabled changes of the order of 0*01 % 
to be observed. The solutions were contained in silica or borosilicate cells of 
the Hartley and Barrett type with greyed platinum electrodes. One was fitted 
with an efficient Pyrex glass stirrer which could rotate below the electrodes ; 
all experiments involving seed crystals were carried out in this cell, the normal 
stirring rate being 250-300 rev./min. The cells were immersed in an oil thermo- 
stat controlled at 25° C db 0*01°, and the room was thermostated 25° ± 1° C. 
During runs the cells were either sealed, or a gentle stream of pure air or nitrogen 
was passed over the solutions ; under these conditions blank experiments showed 
that variations in the COj-content of the water — probably the largest single 
source of error in the measurements — could be controlled, and constant conduc- 
tivities maintained over many hours. The cells were calibrated by measuring 
the conductivities of very dilute KCl solutions at 25° C, and applying the inter- 
polation formula ®: 

A = 149*92 —93*85 CVi -f 50C. 

The ‘ cell constants ' so calculated varied from the mean value by not more than 
0*04 %. 

The water used for the experiments was obtained from a modified Bourdillon 
still ; its specific conductivity varied between 0*2 and 0*6 x lo"® ohm"'. KCl 
and AgNOt were both a.r. reagents. After every experiment the cell used was 
washed with ammonia to remove all traces of solid silver chloride. 

Seed crystals of AgCl were prepared by crystallization from boiling, saturated 
solutions. Freshly precipitated AgCl was washed six times by decantation, 
portions of the precipitate were boiled in 2-I. volumes of distilled water and, 
after immediate filtration, the solution was allowed to cool very slowly in the 
dark. The crystals thus formed were washed with conductivity water, and 
suspensions made up and aged at 25° in darkness for at least a fortnight. The 

^Maclnnes, Shedlovsky and Longsworth, ], Amer, Chem, Soc., 1932, 54, *758. 

• Davies, J. Chem. Soc., 1937, 432. 
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seed concentrations were determined gravimetrically with a i % accuracy and 
were arranged to be of the order of i mg. AgCl per ml. suspension. Microscopic 
examination showed that the seed crystals were rectangular plates or cubes 
having an average size of 5-10 (jt, and occurred singly or in very small clusters. 

Results 

The Solubility Product at 25° G. — In these determinations the equilibrium 
was approached from both sides. The precipitation experiments were arranged 
so that precipitation should occur only on the aged seed crystals. A stable 
supersaturated solution (see later) of AgCl was prepared in the cell, and COg-free 
air passed through until the conductivity became constant. A known volume of 
a homogeneous seed suspension was then added, and the resulting decrease in 
conductivity followed to the equilibrium value, from which the solubility product 
of AgCl was calculated. The results are in Table T. 

TABLE I 


No. of 
Expt. 

Initial concn. x lo* 

Ml. seed 
added 

Dura- 
tion of 
expt. 
(hr.) 

Final concn. x 10® 

S X ioi« 

[Ag-] 

[Cl'J 

[Ag-] 

[ciT 

45 

1*640 

i*6io 

2*0 

18 

1-372 

1*342 

1*84 

76 

1-673 

1*690 

5*0 

6 

1*354 

1*371 1 

1*85 

78 

1*613 

1*623 

5*0 

i 5 

1*339 

1*349 

i*8i 

86 

j 2*i6i 

1*097 

5*0 

! 12 

1-978 

0*914 

i*8i 

87 

3*023 

0*775 

5*0 

1 II 

L._ 

2-875 

0*627 

I *80 


In a second series of experiments, larger quantities of seed ^ere added to 
water of known conductivity in the cell, and the process of solution followed 
to apparent equilibrium. The solubility of AgCl was calculated from the final 
conductivity. A correction for traces of impurity in the seed suspension was 
obtained by adding further amounts of suspension after equihbrium had been 
attained, and noting any resulting change in the conductivity. The correction 
never exceeded 0*7 %. The results are given in Table II. 

TABLE II 


No. of 
Expt. 

XhiO X IO« 

Ml. seed 
added 

Duration of 
expt. (hr.) 

JtAfCl X 10* 
(corr.) 

S X lOl® 

53 

0-365 

10 

48 

1-873 

1*84 

54 

0-456 

14 

48 

1*848 

I *80 

80 

0-304 

5 

40 

1-844 

1*79 

8i 

0-431 

7 

46 

1-849 

I *80 


The suspension used in Expt. 53 and 54 was four times, and that of Expt. 80 
and 81 ten times, more concentrated than that used in the experiments of Table I. 
The two methods are in good agreement, and give 1*82 x io“i° ± 0-02 for the 
concentration solubility product, or 1-35 x io“® db o*oi g.-mole/l. for the 
solubility of silver chloride at 25° C. This value is confirmed by a third method 
to be described in Part II. Introducing activity coefficients calculated from 
the Debye-Huckel limiting equation the true (activity) solubility product becomes 
1*81 X 1 0-1®. Laindolt-Bomstein * quotes nine previous determinations of the 
^lubility ranging from 1*20 to 1*47 X lO”* g.-mole/l. ; the average of these'Values 
is also 1-35 x io“». 

• Landolt-Bdrnstein, Physih.-Chem. Tdbellen (Springer, Berlin 5te. Aufl., 1923), 634 ; 

Erg. II, 343 ; Erg. Ill, 483. 
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Precipitations in the absence of seed. — ^Precipitatioii may be initiated 
by bringing an AgNO, solution of the approximate concentration 1*35 x 
to temperature equilibrium in the ceU, and then adding from a weight burette 
a sufficient quantity of a more concentrated KCl solution to exceed the solubility 
product. Three such experiments are illustrated in Fig. i. Curve i refers to a run 
in which 2 ml. 0*004 ^ ^C1 solution were added, curve 2 to one in which 10 ml. 
0*0008 N solution were used and curve 3 to one in which 20 ml. 0*0004 N solution 
were employed ; in this last case the KCl was added in portions over a con- 
siderable period of time, the final addition of i ml. producing precipitation. 
The three curves are strikingly different, and it is clear that the course of the 
precipitation is governed mainly by the local concentrations of the ions at the 
moment of mixing. The number of nuclei available for the subsequent separation 
of AgCl is greatest for the experiment of curve i and least for curve 3. It may 
be added that runs carried out in this way are not reproducible, and the final 
conductivities reached after many hours always correspond to solubility products 
greater than 1*82 x lo-^®, indicating that the resulting crystals are small enough 
to show an enhanced solubility. Curve i gave a final concentration product of 
2*02 X lo-i® and curve 2 a value of 1*93 x 10-^®, in agreement with the view 
that more nuclei were available in the faster run which resulted from the higher 
local concentration on mixing. The run corresponding to curve 3 was not complete 
after 40 hr. 



To avoid these local concentration effects it is necessary to mix solutions of 
approximately equal concentrations, and a number of experiments were made in 
this way. The cell was half-filled with a solution of one of the reagents, and 
when temperature equilibrium had been established an equal volume of the 
other reagent, preheated to 25°, was introduced and the cell gently shaken. 
A few runs of short duration were inconclusive, but Table III contains the results 
of all experiments by this technique which were followed for at least three hours. 

In Expt. 28-1 the total fall in conductivity over 12 hr. corresponded to a change 
of no more than 2 mm. in the bridge null-point, and was within the possible 
experimental error. With this exception all the solutions with a concentration 
product of 3*14 X io“i® or less showed no precipitation after periods extending 
up to 18 hr., and this was true whether the solutions were mechanically stirred, 
occasionally shaken or agitated by the passage of a rapid stream of nitrogen. 
The experiments suggest therefore that such solutions, in which the solubUity 



c; W* DAVIES^ AND A. L. JONES 


107 


TABLE III 


No. of 
Expt. 

Initial conen. x 10* 

[Ag-] [CIT 

X 10»» 

Duration 

(hr.) 

— X loV 

hr. 

[Ag-] 

[cn 

3 fi 

1*88 

I'48 

2 *80 

15 

0 

24-3 

171 

171 

2*92 

7 

0 

28-2 

1*756 

1*756 

3-o8 

9 

0 

24-B 

1-76 

176 

3*10 

14 

0 

28-1 

176 

176 

3*10 

12 

0*003 

24-C 

178 

176 

3*14 

18 

0 

28-3 

1-78 

178 

3*16 

8 

o*oo8 

24~D 

179 

1*77 

3*17 

7 i 

0*009 

24-6 

I *80 

I *80 

3*24 

19 

0*013 

24-4 

1-88 

1-88 

3*53 

2 

0*081 

31 

1-86 

1*89 

3*53 

3 

0*080 

35 

1*96 

1*94 

3*80 

40 

0*11 

24-2 

2*09 

2*09 

4*37 

3 

0*26 


j)roduct is exceeded by more than 50 %, will remain almost indefinitely withont 
any crystal formation. The critical concentration product above which nuclei 
development occurs spontaneously is clearly very near 3*14 x 10“^“. To help 
in fixing it more closely we have used the data for the very slow precipitations 
which occur when the concentration product just exceeds this value. The 
last column of Table III gives the average rate of fall in conductivity over the 
first hour or two after mixing. These values are not very accurate, as the smallest 
of them is not much greater than the possible experimental error, whilst for the 
fastest runs the values begin to depend on the time interval chosen. Nevertheless, 
when plotted, as shown in the left-hand curve of Fig. 2, they give a reasonably 
good straight line which fixes the critical concentration product at 3*14 X 



Fig. 2. — Rates of slow precipitations against ionic concentration product. 


The effect of ionic ratio on the critical supersaturation.— Further series 
of ex^riments similar to those described in the last section have been carried 
out with initial [Ag’]/[C 1 '] ratios of 0-25, 0-5, 2 and 4. These show quite definitely 
that a critical supersaturation limit exists i!l each case, but that its value depends 
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on the ionic ratio. The results for a 2/1 ratio are the same (within experimental 
error) whichever ion is in excess, and the same is true for a 4/1 ratio. Mixtures 
which failed to show any precipitation are listed briefly in Table IV. 


TABLE IV 


Approx. 

ratio 

[Ag-]/[Cl'J 

! 

Concn. 

product 

X 10^® 

Duration 

(hr.) 

Approx. 

ratio 

[Ag-]/[ClT 

Concn. 

product 

X lo^® 

Duration 

(hr.) 

1/2 

3-15 

3 

2/1 

3-38 

9 


3*29 

6 


3-41 

5 


3-37 

5 

1/4 

3-32 

14 


3-42 

14 

4/1 

3*56 

5 


It will be seen that the critical supersaturation is increased by a disparity 
in the concentrations of silver and chloride ions. To fix the critical values 
for each concentration ratio more closely, further slow precipitations were carried 
out, and the results of these are shown in Fig. 2. They lead to the followiner 
values— ^ 

Ionic ratio i/i 1/2 1/4 

Critical concn. product x 10^®.. 3*14 3*44 3*59 



Fig. 3. Rate of precipitation in g.-equiv. x io*/l. min. plotted against amount 
precipitated in g.-cquiv. x lo*/!. 


Finally, some further evidence concerning the effect of ionic ratio has been 
obtained in an entirely different way. A number of moderately slow precipitation 
runs, of the type illustrated in curve 3 of Fig. i, have been carried out and from 
the conductivity-time plots curves have been constructed showing the rate of 
precipitation plotted against the amount of silver chloride precipitated. Two 
of these are illustrated in Fig. 3 ; they show that the precipitation accelerates 
n that shortly after this the rate curve changes, at a fairly 

weU-defined point, to a steady linear (or almost linear) decrease. We were 
inclmed to interpret these turning-points as representing the stage in the precipita- 
tion at which fresh nuclei cease to be formed. If this is so, the concentration 
product at the turning-point may be identified with the critical supersaturation 
for the ionic ratio holding at the turning-point. Critical values based on this 
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hypothesis axe compared in Fig. 4 with the directly determined values, and the 
agreement is excellent. It should be added that in the runs to which this method 
h^ been applied the turning-point is not reached until more than an hour after 
mixing the reagents. More rapid runs have shown fairly abrupt turning-points 
in their rate curves, but these have not corresponded with the directly determined 
critical supersaturations. 



Discussion 

The behaviour at 25® C of unseeded supersaturated solutions of silver 
chloride may be summarized as follows. 

1. Spontaneous precipitation will not occur unless the product of the ionic 
concentrations is almost double the normal solubility product. 

2. The value of this critical supersaturation is markedly dependent on the 
ionic ratio, but not on which ion is in excess. The data shown in Fig. 4 
may be represented by the equation : 

Sc X 10 ^® = 374 — o-6o n, 

where Sc is the critical concentration product and n is the ionic ratio expressed 
as a fraction less than one. 

3. If the critical concentration product is just exceeded precipitation 
always occurs, although it may be so slow as to be perceptible only after 
several hours. At slightly higher concentrations a characteristic rate curve 
is given from which, again, the critical supersaturation can be calculated. 
If the concentration is further increased the kinetics of precipitation become 
more complex, and when the initial concentrations are about ten times the 
normal solubility, the precipitation is almost instantaneous. 

As is well known, Ostwald ^ believed that if the concentration of a solution 
be gradually increased, the region of stable unsaturated solution is followed, 
after the normal solubility curve, by a metastable region in which crystal- 
lization will not occur without suitable inoculation ; and that this again 
is succeeded by a region of labile solutions which crystalUze spontaneously. 

* Ostwald, Z. physik. Cliem,, 1897, 23, 289. 
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This view was supJ)orted by the y/ork of Miers,® Hartley,® Mouat Jones ^ 
and others, who plotted for many salts the course of the * supersolubility 
curve ' which separates the metastable from the labile region. It was 
criticized by de Coppet,® whose results were less regular, and who thought 
that sporadic crystallization was liable to occur, perhaps after long periods 
of time, in any supersaturated solution ; and by Young,® who states that 
crystallization from the metastable region can always be induced by violent 
mechanical shock. In view of de Coppet and Young's criticisms, later 
writers^® have tended to regard as unreal any rigid distinction between 

labile " solutions (in which they consider that crystallization is rapid 
and easy) and “ metastable " solutions (in which it is slow or more difficult), 
and this view has been quoted in a recent review. It will be evident that 
our results support the earlier belief that metastable solutions can exist 
up to a definite limit, and this limit can be fixed with considerable accuracy 
and varies in a regular way with the composition (ionic ratio) of the solution : 
this applies to solutions under ordinary conditions ; the abnormal conditions 
studied by Young introduce fresh considerations. Our results also differ 
from those of de Coppet in that silver chloride invariably precipitates even 
in unstirred solutions as soon as the supersolubility is exceeded. 

The Gibbs-Thomson relation may be applied to the solubility of silver 
chloride particles in the form : 

[Ag-]i[Cl']i _yVa /i _i\ 

[Ag-JsECl'], RT \l, ij 

where y is the interfacial tension, V the molecular volume of the solid salt, 
[Ag‘]i [Cr]i the concentration product of a solution which is in equilibrium 
with crystals of (assumed uniform) average linear dimension /j, and a is 
a numerical factor depending on the shape of the particles ; when becomes 
large, [Ag jg [Cl'jg becomes the normal solubility product. This equation 
cannot be used without a knowledge of the interfacial tension, and moreover 
it involves the assumption that the interfacial tension is independent of 
particle size ; nevertheless it is qualitatively valid. It was used by Hartley 
and Thomas ® to account for the metastable region. They assumed that 
crystal nuclei might not attain a size at which they could act as centres 
of further growth until the supersolubility curve was reached. This idea 
was extended by later workers,^ so as to accommodate de Coppet 's views, 
by supposing that chance encounters in the metastable range may occa- 
sionally give rise to a particle large enough to initiate crystallization. 

To serve as a useful basis for discussion these conceptions must be stated 
with greater precision. If the concentration of a seed-free solution were 
uniformly increased through the normal solubility value, the rate of growth 
of any nuclei, however arising, would be increasingly favoured as compared 
with the rate of solution, until nuclei of a size satisfying the Gibbs-Thomson 
equation would be eventually produced. The corresponding concentration 
product would represent the critical supersaturation. Up to this point 
the nuclei would be unstable, the rate of loss by solution far exceeding, at 
first, the rate of molecular deposition, and we therefore think that the 

• Miers, Phil. Trans ., 1904, 203, 459. Miers and Isaac, Proc. Roy. Soc. A, 1907, 79, 

322 ; 1910, 82, 184 ; J. Chem. Soc., 1906, 86, 413 ; 1908, 93, 927. 

• Hartley and Thomas, J. Chem. Soc., 1906, 89, 1013 ; Hartley, Jones and Hutchinson, 

ibid., 1908, 93, 825. 

’ Jones, J. Chem. Soc., 1908, 93, 1739 ; 1909, 95, 1672. 

• de Coppet, Ann. Chim. Phys., 1907, 10, 457. 

• Young, J. Amer. Chem. Soc., 1911, 33, 148, 1375 ; 1913, 35, 1067. 

Ting and McCabe, Ind. Eng. Chem., 1934, 1*01. 

Wells. Ann, Reports, 1946, 43, 85. 
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main mechanism of growth is by the successive coalescence of smaller 
particles ; it is only above the supersaturation point that this mechanism 
may give way to growth by molecular accretion. If this is correct, the number 
of nuclei attaining a given size will vary very rapidly with changes of 
concentration, and the critical supersaturation might be identified with a 
narrow range of concentration in which stable nuclei arise in significant 
numbers. A consequence of this view would be that stable nuclei can exist 
in smadl numbers even in the metastable region ; but when we remember 
that a reduction of concentration will not only result in a very rapid drop 
in the number of nuclei of given size, but will also lead to a rapid increase in 
the minimum size of a stable nucleus, it is clear that the chance of detecting 
crystallization at a point well within the metastable region is yanishingly 
small. 

This viewpoint is reconcilable with the results of Hartley, Jones et al. 
Our results have shown that if precipitation does not actually cease at 
the critical supersaturation, it must at least become so slow that no change 
would be detected over a period of days. And although the Oxford workers 
made many hundreds of experiments without once observing crystallization 
below their supersolubility curve, their method of cooling would not have 
enabled them to detect a very slow process. 

It is possible that the theory also explains our own results : for we have 
no theoretical basis for the linear extrapolations of Fig. 2 ; and although 
we have shown that for all practical purposes the critical supersaturation 
is sharply defined, the experimental distinction can only be between solutions 
that do or do not show a perceptible change in a reasonable time. 

Addendum {i^ih April, 1949) : 

Further experiments in seeded solutions have now shown that the rate 
of crystal growth in slightly supersaturated solutions follows the equation : 
V = where v is the velocity of ciy^stallization, k a constant, and A is 
the quantity of silver and chloride ions to be deposited before equilibrium 
is attained. A result of this behaviour is that, for equal ionic concentration 
products, the rate of crystal growth will be the smaller the greater is the 
disparity between the individual ionic concentrations ; the effect is illustrated 
by the following results for the initial rate of deposition from solutions in 
which the ionic concentration products are roughly equal : 


[Ag*]/[C1'] . . 

I 

2 

4 

4 

i 

[Ag'] [Cl'] X loio . . 

2-605 

2-585 

2-560 

2-588 

2-560 

10® X r 

1-84 

1-54 

1-48 

I-I5 

1-06 

io~® X 

2-52 

2-54 

2-58 

2-71 

2-68 


This provides an explanation of the ionic ratio effect illustrated in Fig. 4 
(and it is no longer necessary to assume that coalescence plays a major 
part in nucleus formation) ; a nucleus of stable size grows more slowly if 
the ionic ratio is not unity, and the probability of a nucleus growing to 
stable size within a given limit of time should be reduced in a similar way. 

# 

We wish to thank the D.S.I.R. for a grant to A. L. J. 


Edward Davies Chemical Laboratories, w 
Aberystwyth, Wales. 



NUCLEATION AND GROWTH IN SUCROSE SOLUTIONS 
By Andrew Van Hook and Arthur J. Bruno 
Received ^rd February, 1949 

Schweizer^ has pointed out the difficulty of preparing, by ordinary 
procedures, supersaturated solutions of highly soluble materials which do 
not exhibit a tendency to nucleate spontaneously. He was able to prepare 
stable, supersaturated solutions of sucrose and other substances, which 
were i*8-fold supersaturated on a sugar to water basis, and which did 
not crystallize over periods of several months. On the other hand. Waterman 
and Gentil * found that all oversaturated solutions of sucrose crystallized, 
given sufficient time. Both behaviours find support in the voluminous 
literature on the nucleation of solutions and melts, e.g., Cassel and Landt,® 
Kucharenko,^ Meyer and Pfaft,® Dorsey,® Volmer,’ Stranski,® etc., on the 
basis of the heterogeneous or thermodynamic theories ; Richards, ® Tammann,^® 
Van Ginnekin and Smit,^^ Fouquet,^^ ^tc., on the basis of the homogeneous 
theory. 

It is the purpose of this paper to review this situation for sucrose solutions, 
from the theoretical and practical viewpoints. Such matter has been 
considered previously by Cassel and Landt,® Naveau and Capelle.^^ 

Preparation of Stable Supersaturated Sucrose Solutions. — Both 
Schweizer's and Waterman and Gentil's experiences were confirmed, using 
their respective techniques. However, in the latter procedure, which 
involves dissolution in sealed tubes, it was observed to be possible to prepare 
slightly oversaturated syrups which have not crystallized over several 
months, if fine, alcohol-precipitated material was used and/or complete 
solution was assured by prolonged rotation at temperatures at least 20® 
above the saturation point. If these precautions are not observed, or if 
the supersaturation is too high (> i*6), crystallization inevitably occurs. 

It was likewise found possible to duplicate Schweizer's experience with 
solutions prepared by means of quick, active boiling, followed by curing 
(after sealing, or covering with a thick layer of Nujol oil) for at least 20 min. 
and 20® above the saturation point of the final solution. Presumably the 
potential nuclei, otherwise preserved, are deactivated by this treatment. 
One is limited to prepare, at most, approximately 80 % solutions by either 
technique ; since beyond this concentration either degradation is unavoid- 


^ Schweizer, Rec. tvav. chim., 1933, 52, 678 ; Int. Sugar 1933, 35, 385. 

* Waterman and Gentil, Chem. Weekhlad, 1926, 23, 345. 

® Cassel and Landt, Z. dtsh. Zuzker-Ind., 1927, 77, 483. 

* Kucharenko, Planter Sugar Mfg., 1928, 75. 

* Meyer and Pfalf, Z. anorg. Chem., 217, 257 ; 222, 382 ; 224, 305. 

« Dorsey, Trans. Amer. Phil. Soc., 1948, 38, 248. 

^ Volmer, Kinetik der Phasenhildung (Steinkopff, Dresden, 1939). 

* Stranski, Physik. Z., 36, 393 ; Ann. Physik, 23, 330. 

* Richards, J. Amer. Chem. Soc., 1936, 38, 2243. 

Tammann, Kristallisieren und Schelmzen (Barth, Leipzig, 1903) ; States of Aggrega- 
tion (Van Nostrand. N.Y., 1925). 

Van Ginnekin and Smit, Chem. Weekhlad, 1919, i6, 1210. 

Fouquet, Compt. rend., 1910, 150, 280. 
w Naveau, Sucre Beige, T943» 62, 310, 336. 

Capelle, Sucre Beige, 1943» 335- 
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able or crystallization sets in.^® This limit is equivalent to a super- 
saturation of 2*0 at the usual observation temperature of 25® C, but may be 
increased slightly to about 2*4 by cooling to — 10® C. This temperature 
is a lower limit set by the ice-sucrose eutectic point. 



Supersaturation, O — 


Sugar/Water 

Sugar/Water at Saturation 


Fig. I. — Time of appearance of crystals in sucrose syrups prepared by vacuum evapora- 
tion or active boiling, and curing at 20° C above saturation. Points are individual 
samples at 25° C unless designated as the average of several samples, or other 
temperatures. I signifies partly degraded solutions. 


The times at which the beginning of crystallization was observed in solu- 
tions prepared in this way are presented in Fig. i. The usual observation 
temperature was 25® C, others being properly designated on the Figure. 
The tubes were rotated slowly and the usual sample was about 10 g. 
solution. Inversion, by test, and/or degradation, by colour, was apparent 
in solutions above 0 = 2*0. None the less, observations were made in this 
higher range, and while some results suggest a monotonous extension of 

Montgomery and Wiggins, J. Sot. Ghent. Ind., 1947, 66 , 31. 

Stare, Chem. Zlh., 1940, a, 2826 ; A.C.S. Abstr., 36, 6033. 
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the , curve, others indicate a radical change in its nature. It fa considered, 
however, that this change is caused by the impurities present ; fat addition 
of invert sugar, caramel or degraded syrups to pure symps at lower con- 
centrations, greatly prolongs the time required for crystallization. 

The data suggest the stability of solutions less than about 1*6 super- 
saturated,^^ and the very rapid onset of nucleation above this concentration. 
The beginning of crystallization in syrups, prepared in the ordinary manner 
may be represented empirically by equations of the form : 

{0 — a) t = const., 

where 0 is the supersaturation, t the time and a a constant : a was 
evaluated as i»o, i*2 and 1-05 in three cases surveyed, and 1*37 from 
some of Waterman and Gentil's * data. These are tantamount, of course, 
to Ostwald*s metastable limit. 

Effect of Stirring* — Increased rate of rotation of the tubes had no 
appreciable effect on the observed nucleation times. Neither did glass 
propeller stirring, imder oil, up to 300 rev./min. and below 0 = i‘4. Above 
this concentration, however, the nucleation times were greatly reduced 
the higher the concentration and faster the stirring. For instance, at 
0 == 1*4, stirring at 300 rev./min. for two days did not especially encourage 
crystallization. At 100 rev./min. a 1*5 supersaturated syrup crystallized 
in hr., whereas without stirring or with gentle rotation it is normally 
stable for weeks. At 0 = 2*0, where unstirred solutions take about a day 
to develop a visible crystal, a cloud shows up within a few hours at 
100 rev./min. and in about an hour at 300 rev./min. Any accidental contact 
of the stirrer with the sides of the container, or with added glass beads, 
induces crystallization very promptly, even at low supersaturations. The 
foreign, suspended material of ordinary refined sugar seems to have no 
appreciable effect upon the nucleation time, provided the curing treatment 
is sufficient. 

These irregular results with stirring suggest the influence of viscosity ; 
which factor, therefore, was investigated by means of the temperature 
coefficient of reaction. Three tubes in a set, at a constant supersaturation 
of 2*0 with respect to 0°, 25° and 40° C, were rotated slowly. The times of 
nucleation noted were remarkably uniform. If the rate of nucleation is 
taken to be inversely proportional to the time, and the energy of activation 
assumed constant between each pair of temperatures, the following activation 
energies are computed. 

TABLE I 


Time of Nucleation and Energy of Activation, at O = 2*0 


1 

Time 


for growth 

1 

(hr.) 

(kcal./mole) 

(kcal./mole) 

0 

25 

4 o» 43 . 45 \ 

16, 18, 20/ \ 

5-3 

24*4 

40 

6. 7. 8 / 

10*6 

II -7 


Effects of Surface-active Agents. — The addition of surface-active 
materials in minute amounts had no significant eflect, contrary to expectations 
from discussion in the literature.® 1® 1* The action of Aerosol OT (octyl sodium 

This is equivalent to a supercooling of about 50®, which is somewhat larger than 
those reported for many melts and solutions ; Van Hook, Annual Tabhs of 
Physical Constants (Princeton, N.J.) (in progress). 

Van Hook, Ind. Eng. Chem., 1945, 37, 782. 
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sulphosuccinate), which is summarized in Table II, is typical of the many 
difierent types which were studied. The absence of any marked effect confirms 
our earlier experience that these agents alter neither tie nucleation nor growth 
kinetics of sucrose solutions. However, when nucleation does occur in their 
presence it is much more prolific than other wise. 

TABLE II 

Effect of Aerosol OT on the Time of Nucleation of Sucrose Solutions 


;l 0 % Aerosol 

1 

j 0-05 % 

j 0-2 % 

Supersat. i! 

(25^) 1; I. 

. Appear- 
I, ance 

_ II 

II. 

Surface 
Tension 
(dyne /cm.) 

HI. 

Time 

I. 

II. 

III. 

I. 

II. 

III. 

2*3 j! Clear 

(85) 

8J hr. 

Cloudy 

(80) 

6-4 

Cloudy 

(63) 

7-8 

1*7 '' 

81 

34 


35 

48 

,, 

29 

41 

1*4 - 

80 

56, > 3 wk.i 

j Clear 

30 

>3 wk. 

n 

29 

> 3 wk. 

1*2 

80 

00 1 

30 

00 

,, 

30 

00 

i-i ‘ 1 

1 79 

00 1 

! 

30 

! 00 

. ! 
1 

1 

29 

QO 


Discussion 

The times reported represent the sum of the time required to establish 
at least one stable nucleus, and the time for this embryo to grow to visible 
size. There is likewise the disturbance involved in the transfer from the 
curing temperature to that of the bath. The growth time is undoubtedly 
short at all but very small supersaturations ^ ; while the transfer factor 

is common to all observations and will only alter the position of the curve 
and not its nature.^^ 22 jhis shift cannot be appreciable in the present 
instance, since essentially the same results are obtained under various 
treatments. 

The performance reported here is definitely contrary to the homogeneous 
theory of nucleation as espoused by Tammann and his school.^® Any 
straightforward heterogeneous theory,® in the sense of foreign nuclei,^ ® 
likewise seems inapplicable ; since variable curing (provided this is at 
least 20° above the saturation point, yet not so severe as to hydrolyze or 
degrade the sugar) has no effect upon the observations. It seems quite 
clear that those concentration fluctuations which form at least critical-size 
nuclei are the origin of the crystallization observed in these experiments. 
The Volmer theory ’ for condensed systems is adequate to explain the 
results.® 

This theory, as modified by the influence of viscosity,®® and extended by 
the absolute reaction rate theory,®® suggests that the rate of nucleation is 

. Nkt 

N^X \ exp[- (AF* + AF^uc.)]/fcr, 
where AF* is the free energy of activation involved in forming the nucleus, 

Bruno, M.S. Thesis (Holy Cross College, 1947). 

Van Hook, Ring Surface Tensions (in preparation). Highly concentrated^ucrose 
solutions apparently salt out even traces of most of the surface -active materials 
investigated. 

Othmer, Z. anorg. Chem., 9X, 209, 

** Hammer, Ann. Physik, 33, 445. 

** Becker, Ann. Physik, 1938, 3a, 128. » 

** Turnbull, J. Chem. Physics, 1949, 17, 71. 
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AFvisc. the free energy of activation of viscosity, and x the mol fraction of 
solute. 

The net free energy required to form the nucleus is also 

AF = AF, ~ AF„ 

where AF® is the free energy required to form the surface, and AF^ that 
gained in forming the mass of the crystal without any siuface. Gibbs has 
shown that 

AF,-(3/2)AF,; 

whence AF = ^AF*,. 

If these reversible values are identified with the energies of activation of 
the respective processes, we have 

AFnucleation ~ ^AFj,. 

The energy of activation of viscosity is approximately 1/3 that of growth,^® 
so that as a crude approximation 

AFnucleation ~ (5/^)^'^growth« 

This relative order of magnitude has been pointed out before in an empirical 
way.^® 

The Thomsen equation, 

. . 2crAf 

— Rf r d ’ 

with AF = (1/3) AFj = (1/3) a A — (4/3) nar^ (as spheres), suggests 

at constant supersaturation. In these expressions c and are the solu- 
bilities at particle radii r and oo respectively, a the interfacial tension, A the 
surface, and M/d the molar volume. Since the activation energy is observed 
to increase with rising temperature at fixed interfacial conditions, it seems 
likely that some factor other than the work of forming the nucleus is 
involved in the nucleation process. Nothing definite is yet known about 
the entropy changes concerned in the above approximation, but the marked 
influence of stirring upon the rate of nucleation at higher concentrations is 
very suggestive of the viscosity as this factor. 

Surface Tension. — The interfacial tension, which is so prominent in 
most crystallization theories, has received special attention in the case of 
sucrose solutions.® Since this interfacial tension between a solid and 
a liquid is difficult to evaluate, it has frequently been correlated with the 
ordinary surface tension of the liquid, although it seems questionable to 
specify it in this way. Dupre's rule for this type of interface is 

Os/ = Gsg — Gig COS 0, 

where s, I and g indicate solid, liquid and gas phases respectively, and 6 is 
the contact angle of wetting of the solid. If the wetting is complete, and 
the surface tension of the solid is constant, we have 

Gsl = Gsg Gig, 

and dffjj = — dcr/g. 

The former is Antonoff’s rule for this case, and the latter indicates that 
ordinary surface-active materials, which usually decrease the liquid surface 
tension, may actually increase the interfacial tension at the solid surface. 

It was found impossible to increase the surface tension of crystallizable 
sucrose solutions to any extent by additives ; but ordinary wetting agents 
diminish it considerably. Even so, no great influence on the crystallization 
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time was observed, which is contrary to several reports in the literature 
under similar circumstances.* 

A twofold oversaturated solution of sucrose in 68 % alcohol, whose 
surface tension was 26 dynes/cm., did not display crystals for 8 days, 
compared to about i day for an aqueous solution of the same supersaturation. 
Whether this prolongation is the result of lowered surface tension (and 
therefore possibly increased interfacial tension) or change in environment 
is not yet evident. These matters are being investigated further in this 
laboratory. 

Practical Implications. — ^The extreme difl&culty of preparing and 
preserving supersaturated sucrose solutions would augur well for the applica- 
bility of the heterogeneous theory, in spite of the greater significance of the 
thermodynamic theory. Under conditions which prevail in the sugar house, 
as well as in ordinary laboratory work, nucleation undoubtedly occurs by 
chance inoculation. Under these circumstances, it is merely the rate of 
growth to visible size which determines the observed nucleation time. Since 
this process has been shown to be unimolecular,** the observed equilateral 
hyperbola relation is an obvious one. 

However, as the concentration increases, a very strong and abrupt 
influence of true nucleation sets in ; thus accounting for the metastable 
limits usually reported.*’ Nucleation in condensed systems has all the 
attributes of a chain reaction,® *® which feature explains the autocatalytic 
“ false grain region *’ of the sugar boiler. 

Conclusions. — ^The prominent features of the Volmer -Becker theory of 
nucleation are shown to be qualitatively applicable to supersaturated 
sucrose solutions. Quantitative aspects will be investigated. 

The continuing support of the Sugar Research Foundation, Inc., is 
gratefully acknowledged. 
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Worcester, Mass,, U,S.A. 

** Von Weimarn, Z. Chem. Ind. Koll., 1907, 2 , 76 ; A.C.S. Abstr., 3 , 393. 

Van Hook, Jnd, Eng, Chem., 1944, 36, 1042. 

Webre, Pfoc. lUh Conf. Assoc, tec. azucareros Cuba, 197 , p. 9. 

Langmuir, Proc. Amer. Phil. Soc., 1948, 92 , 167. 


THE RELATIVE RATES OF GROWTH OF STRAINED AND 
UNSTRAINED AMMONIUM NITRATE CRYSTALS 

By S. Fordham 
Received 4th February, 1949 

At a discussion on crystallization held in Bristol in February, 1948, it was 
suggested by Prof. N. F. Mott that crystals should grow more rapidly when 
strained than when unstrained. During the course of a more general 
programme of work on the crystallization of ammonium nitrate, an 
opportunity was taken of testing this suggestion. 

Experimental 

The crystals of ammonium nitrate were ^.prepared by slow evaporation at 
26° C. It had been shown that Lissolamine A did not affect the crystallization 
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of ammonium nitrate under such conditions, so the vessels were treated before 
the experiment with a dilute solution of this compound to prevent “creep/' 
Some of the crystals which developed were prisms with good faces of the {no} 
form and usually with {on} faces, although the latter were frequently poorly 
developed. Specimens about 1*5 mm. broad and 4-5 mm. long were selected, 
roughly dried, and then shaken with a solution of Fixanol C in carbon tetra- 
chloride. The latter emulsified any adhering mother liquor and gave completely 
dry crystals, which were stored in a desiccator for use. Crystals were used within 
24 hr. of preparation, during which time they retained quite adequate plasticity. 

The dry crystals were measured by means of a low-power microscope, and for 
each experiment two batches of five crystals each were selected, so as to be as 
nearly as possible equivalent in size and shape. Complete similarity was not, 
of course, attainable but in most cases variations in linear dimensions were 
within 10 %. The crystals of one batch were strained by bending round a rod 
of 4 mm. diam., and their total weight found ; the other batch was weighed 
without straining. The strained and unstrained crystals were arranged 


TABLE I 

Growth of Strained and Unstrained Ammonium Nitrate Crystals 


Original breadth 
mm. 

Mean Growth 
mm. 

Extra Growth 
mm. 

Ratio of 
Extra to Mean 
Growth 

Strained 

Unstrained 

2*112 

2*080 

0*451 

0*010 

0*022 

1*235 

1*347 

0*444 

0*019 

0*043 

1*408 

1*500 

0*352 

0*037 

0*105 

1*594 

1*685 

0*130 

0*021 

o*i6i 

I >467 

1*572 

0*125 

0*008 

0*064 

I ’596 

1*693 

0*189 

— 0*001 

—0*005 

1*396 

1*428 

0*119 

0*032 

0*269 

I *208 

1*221 1 

0*091 

0*017 

0*187 

1*292 1 

1*318 

0*126 

0*026 

1 

0*206 



Mean 

0*019 

0*117 


Mean growth is the average linear growth of all crystals. 

Extra ^owth is the amount by which the growth of strained crystals exceeded that 
of unstraoned. 


alternately in a crystallizing dish, and allowed to grow in an ammonium nitrate 
solution evaporating at 26° C. After the required time the crystals were dried 
as before and the batches re-weighed. In the earlier trials growth by 100 % 
in weight was reached, but in the later experiments this was reduced to 20-40 %, 
which was the minimum for which the experimental arrangements were suitable. 

From the measured weights, the mean breadths before and after growth were 
calculated on the assumption that the crystals were rectangular parallelepipeds, 
the lengths of the sides being in the ratio 1:1:3. The increase in breadth was 
used as a measure of growth, and was in most cases greater for the strained 
crystals. The results are given in Table I. It will be seen that in all cases 
except one, the strained crystals grew more than the unstrained, but that the 
scatter of the recorded results was large. The standard deviation was calculated 
and the /-test apphed to determine the significance of the mean, when it was 
found that the probability that the result was a chance variation from zero 
was about 0-002. It appears very likely, although not definitely proved, that 
strained crystals of ammonium nitrate grow faster than unstrained. 

Local variations in rate of growth undoubtedly occurred in these experiments, 
although their effect should have been eliminated by the method of analyzing 
the results. An attempt was made, however, to attain more uniform conditions 
by growing the crystals in a vertical tube with an air current sufficiently strong 
to maintain agitation. The trial was discontinued because fresh nucleation was 
extensive and results were very erratic. 
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Discussion 

It appears most probable that ammonium nitrate grows faster from 
solution when strained. Such a statement, however, needs some elaboration 
before its true meaning becomes clear. The presence of strain should be 
shown at the surface by dislocations, and the increased rate of growth should 
be attributed to the presence of such dislocations and discontinuities. These 
experimental results do in fact support the theory that the normal growth 
of crystals is due to the propagation of dislocations. 

It would be expected that as the strained crystals grow, the number of 
effective extra dislocations remaining in the surface would diminish, so 
that the rate of growth of the two t5T>es of crystal should gradually become 
equal. 

There is, in fact, no significant correlation between the figures for extra 
growth and '' mean growth ” recorded in Table I, and it is concluded that 
the effect of the straining had been eliminated before the shortest experi- 
ment was complete. Indeed, a formal rate may be calculated by taking the 
ratio of extra to mean growth, as in the last column of Table I, and it is 
found to have a negative regression coefficient on the mean growth, with 
significance o*05-o-i. It would appear therefore that the method of straining 
used in these experiments caused dislocations which did not persist through 
a fresh layer 0*05 mm. thick, but which made crystallization more rapid 
in the early stages by at least 20 % of its normal speed. 

Research Department, 

LCJ. Limited, Nobel Division, 

Stevenston. 


CRYSTAL GROWTH FROM SOLUTION 
I. Layer Formation on Crystal Faces 

By C. W. Bunn and H. Emmett 
Received 20th January, 1949 

In this and the following paper, the results of many observations and 
experiments made over a number of years (since 1932) are collected and 
discussed. The work on crystal growth from solution which has been 
carried out in this laboratory from time to time, as opportunity occurred, 
was started with the object of discovering how the rates of growth of crystal 
faces are related to the structure of the crystal face and the concentration 
of solute in the surrounding solution. It was at first hoped that the 
problem could be treated in terms of simple physico-chemical concepts : 
the rate of growth of a particular face was perhaps some function of the 
supersaturation of the solution in contact with the face, while different 
faces of the same crystal or of crystals of different substances would be 
characterized by different constants which would depend on the surface 
forces. Such relations have usually been assumed in previous theoretical 
speculations, such as those of Berthoud^ and Valeton.* But it b«i:ame 
evident that, on the one hand, there was no correlation between the rate of 
growth of a particular type of face and the supersaturation at the face ; 

1 Berthoud, J. Chim, Physique, 1912, 10, 624. 

* Valeton, Z, Krist., 1924, 59, 135, 335. 
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and on the other, that a growing crystal face is not a uniform surface, and 
that surface forces must vary at different points. The work then became 
frankly exploratory, and as far as possible uninfluenced by preconceived 
hypotheses. The surfaces of growing crystals of many substances were 
observed as closely as possible under the microscope, in order to learn as 
much as possible about the manner of deposition of solute and the fine 
structure of growing faces ; this work is reported in the present paper. The 
other aspect of the problem — ^the concentration of solution and its variation 
round a growing crystal — ^is dealt with in the second paper. 

The polyhedral habit of most crystals suggests that material is deposited 
on the faces in successive layers ; and the theoretical work of Kossel,® 
Stranski * and Brandes and Volmer ® supports the idea that, at any rate 
for ionic crystals of NaCl t 3 rpe of structure, this is the manner in which 
ions are built on to the crystal : the energy yield when an ion is added to 
an incomplete layer is greater than that for the starting of a new layer, 
and therefore there is a tendency for a layer, once started, to be completed 
rapidly, the inception of the next layer being delayed. Direct experimental 
evidence on the matter, on the ionic or molecular scale, is not available ; 
but layers a few molecules thick have been detected on crystals of w-toluidine 
by Marcelin ® and by Kowarski.’ This substance grows from alcoholic 
solution in extremely thin plates, thin enough to give interference colours 
like those seen in oil films on water ; discontinuities in the shade of inter- 
ference colour, which meant discontinuities of thickness, could be seen 
moving across the crystal faces, and it was calculated that in some circum- 
stances the layers thus revealed were only a few tens of Angstrom — ^in fact, 
only a few molecules — in thickness. Similar thin layers were observed by 
Votaer ® on thin crystals of Pbig formed by mixing solutions of Pb(N 03)2 
and KI. Not many substances grow in sufficiently thin plates to give this 
type of evidence ; but we found that thick crystals of some substances, 
when observed at high power, using dark ground illumination, show layers 
spreading across the faces, and these, to be visible at all, must be very 
much thicker than those seen on w-toluidine or Pbig ; they must be at 
least several hundred togstrom thick. On a few crystals the layers are so 
thick that they can be seen either in ordinary transmitted light or in bire- 
fringent crystals by using crossed Nicols. It was possible to make many 
observations of these layers on a variety of different crystals, to observe 
their point of origin, to measure their thickness and rate of spreading, and 
the effect on them of the presence of dissolved impurities and of different 
solvents. 

Most of the work has been qualitative, and constitutes an extensive 
superficial survey of the phenomenon of layer formation on crystals of many 
different substances. In all the experiments, a drop of warm saturated 
solution was placed on a warm microscope slide, covered with a thin cover- 
shp, and observed while cooling on the microscope stage. A cardioid 
condenser was used to give dark-ground illumination at high powers. 

The outstanding generalizations which emerged from these observations 
are the following — 

I. Layers very often start, not from edges or comers of crystals, but 
from the centres of faces, spreading outwards towards the edges. 

* Kossel, Nach, Ges, PVws. Gdttingen, 1927, 135 ; Metallwirtschaft., 1929, 8 , 877 ; 

Naiurwiss., 1930, 18, 901. 

* Stranski, Z. physik. Chem., 1928, 136, 259. 

* Brandes and Volmer, 2 . physik, Chem. A, 1931, 155, 466. 

® Marcelin, Ann, Physique, 1918, 10, 185. 

’ Kowarski, J, Chim, Physique, 1935, 3a, 303, 395, 469. 

® Volmer, Z . physik, Chem,, 1923, loa, 267. 
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2. The thickness of the layers on many crystals increases as the layers 
approach the edges of the crystal faces. 

3. The boundaries of the layers are often irregular, especially when 
growth is rapid ; but as growth slows down there is a tendency to 
regularity of shape, the actual shape conforming to the symmetry of 
the crystal face. 

4. Dissolved impurities may strongly influence the thickness and the 
shape of the layers, the effect being highly specific. 

5. Thick layers have been seen only on crystals of certain ionic or polar 
substances ; they have not been seen, under the experimental conditions 
used, on crystals of non-polar substances. 

Experimental 

Sodium Chloride. — The first four of the above generalizations are well 
illustrated by the phenomena observed in experiments with sodium chloride. 
The cubic crystals usually lie on a microscope slide on a cube face, so that one 
face is seen normally and four others edgewise. On the face seen normally, 
layers were usually observed to be spreading outwards from a point roughly 
in the centre of the face. It was not possible to locate the point exactly ; 
nothing could be seen at the centre of the system of layers, and the layers only 
became visible at a distance from the centre which varied considerably but was 
often one-quarter to one-half of the distance to the edge. From the increasing 
plainness of the layer boundaries towards the edges of a face, it appeared that 
the layers increased in thickness as they spread outwards. The layers were 
usually rather irregular in shape, though sometimes suggesting a square ; but 
the addition of i % CaClg to the solution had the effect of making the layers 
more regular in shape, roughly octagonal, and more easily visible. It was possible 
to obtain cinematograph records of the growth of the layers under these 
circumstances. (A Pathe camera (9-5 mm. film), with the lens removed, was 
used at normal speed. The microscope objective (2-9 mm. oil immersion) cast 
an image straight on to the film. For further details see paper by Emmett.*) 
Four shots selected from the cinematograph film are shown in Fig. i a~d ; 
they show the same face at successive intervals of i second. A new layer, 
which is barely visible in i is easily visible in i c and has spread considerably 
in I d. On the faces seen edgewise, it was sometimes possible to see the thickness 
of the layers, but in general, in the ca.se of sodium chloride, the layers were so 
thin that they showed up best on the face seen normally, owing to the scattering 
light by the edge of each layer. (By ordinary^ transmitted light the layers 
could not be seen at all.) 

The average thickness of the layers was measured by first focusing on a 
particular point on the surface, counting the passage of some 30-50 layers past 
the point, refocusing and reading off the change in position of the calibrated 
fine adjustment screw of the microscope. After correcting for the refractive 
index of the solution, the total thickness of the layers was obtained, and hence 
the average thickness of one layer. In several experiments, the layer thickness 
was found to be 2800, 3500, 4100, 3600 and 1700 A. As the length of the unit 
cell edge of sodium chloride is 5-63 A, each layer edge is a wall 300-700 unit 
cells high (or twice this number of atoms). 

The rate of spreading of the layers in one experiment was found by measuring 
a cinematograph film. All the layers spread at about the same uniform speed, 
the rate of advance of an edge (in the direction of a cube edge) being 2-5 x lo*"* 
cm. /sec. ; the rate declined a little as time went on. (The rate of spreading, 
like the thickness, varied considerably with the specimen of salt and the 
conditions of the experiment, and this figure by itself has no great significance ; 
it is quoted simply to give an idea of the order of magnitude.) The rate of 
spreading of a layer diminishes slightly as it spreads outwards. 

Certain impurities affected the growth of the layers quite profoundly. The 
effect of CaCl, in making the layers thicker and more regular has already been 


• Emmett, ]. Micro. Soc., 1943, 63. 26. 
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mentioned ; Na,SbO, had a similar effect ; but most other substances which 
were tried either had the reverse effect — that is, they made the layers thinner — 
or else had no marked effect. The following substances had the effect of making 
the layers thinner ; and, if added in sufficient concentration, gave NaCl crystals 
which showed no sign of layers. The percentage figure given is the concentration 
required to give clear crystals showing no layers : 

PbfNO,), (0*05 %), PbCl, (0-05 %), Bi(NOa), (o-i %), Bids (o-l %), MnCl* (2-o %), 
CdCla (0-02 %), SrCl, (2-0 %), SnCl. (^2 %). 

The following substances appeared to have no appreciable effect — 

HCl, Na^SOa, NiCl*, CoCl*, SbCl,, A1 (NO.)., BaCl*, MgCl„ ZnCl*, FeCla, LiCl, 
PtCla, HgCla, and cerous nitrate. The effect of impurities on the formation of 
layers is thus specific, and recalls the modification of crystal shape by dissolved 
impurities, which is also a highly specific effect. But note that the only sub- 
stances in the above list which caused the appearance of other than cube faces 
were Bi(N03)3 and BiCl3, which produced (no) as well as (loo) faces. 

In the great majority of experiments, only one system of layers was seen on 
any one face ; but on a few occasions two systems, spreading from different 
points, were seen ; and on one occasion, when an unusually large crystal was 
observed, no less than five systems were seen. In all cases the points from 
which the layers spread (whether there was one centre or more on a face) were 
not on the corners or edges, but well within the boundaries of the face ; and 
when there was only one point, it was roughly at the centre of the face. 

Another phenomenon seen occasionally was the formation of a pit by encircle- 
ment of a small area by a layer growing all round it. This is well shown by 
the series of photographs in Fig. 2, in which a pit forms towards each end of 
a long rectangular face on which a layer system is spreading from the centre ; 
these pits are soon filled in. On this occasion the process of formation and 
subsequent filling-in of a pit was repeated several times in rapid succession. 
The phenomenon recalls the triangular pits on diamond crystals reported by 
Tolansky and Wilcock and believed to have arisen during growth ; the actual 
growth of diamond cannot be observed, but the present example (and many 
others which have been seen on various crystals) shows that layer encirclement 
does occur and lends support to Tolansky and Wilcock's explanation. 

Cadmium Iodide. — ^This substance grows in the form of hexagonal plates ; 
if the basal planes are observed when the crystals are growing from aqueous 
solution, layers can be seen spreading over the faces, even in ordinary transmitted 
light. The layers observed in these experiments were roughly circular in shape, 
or occasionally vaguely hexagonal. Fig. 4 shows a typical crystal with a single 
system of layers spreading outwards from a point which can be located more 
precisely than in the case of sodium chloride ; the layers can be seen much 
nearer to the origin. Fig. 5 shows an example in which there are two origins, 
and the layers are more nearly hexagonal in shape. 

The layers on this substance were usually a little thicker than those on sodium 
chloride — from 3000 to 5000 A ; the reason why they are often more easily 
visible than those on sodium chloride is partly that they are thicker, but chiefly 
because of the high refractive index of Cdls. The rate of spreading was about 
one-fifth that of sodium chloride. 

Potassium Dihydrogen Phosphate. — ^This is another substance on which 
layers can often be seen without the aid of dark ground illumination. It is 
tetragonal, and grows in the form of prisms of square cross-section terminated 
by pyramids, and the crystals usually lie on the microscope slide so that the 
long rectangular (no) prism faces are seen normally. On these faces, layers 
can be seen spreading outwards from a point which is, more often than not, 
roughly in the centre of the face. The layers are sometimes rectangular, as in 
Fig. 6, but are more often very irregular in shape. A phenomenon which this 
substance shows particularly clearly is that of very thin rapidly advancing 
layers overtaking thicker and more slowly advancing ones ; this appears to be 
the way in which thick layers are built up, and if we may imagine the same 


Tolansky and Wilcock, Nature, 1946, 15^, 583. 
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process occurring on a smaller scale» it is probably in this way that layers of 
visible thickness are built up from original layers which are perhaps one ion 
or a few ions thick. The increasing thickness of layers as they grow outwards 
is also shown strikingly by this substance ; note that in Fig. 3 no layers can be 
seen at the centre, but they become very plain towards the ends of the crystal ; 
when the cinematograph film is watched, each layer gradually becomes visible 
as it grows outwards, and this is probably due to the overtaking of much 
thinner layers, too thin to be seen. Another phenomenon which occurs in 
Fig. 3 is the formation of a pit by encirclement of a small area by a layer growing 
all round it. The beginning of encirclement is seen on the right-hand side of 
3 d (see arrow) ; the pit is clearly visible in 3 ^ (arrow) ; at 3 /it has disappeared, 
having been filled in by inward growth of the layer. One more observation 
on Fig. 3 : the confused appearance of the bottom left-hand comer of each 
photograph is due to the existence of a number of irregular layers, some of 
which overtake others ; the sequence of events can only be properly appreciated 
by watching the actual process or the cinematograph record. 

The addition of phosphoric acid to the solution had the effect of making the 
layers thinner and more difficult to see ; when KaHP04 was added to the 
solution no layers could be seen at aU. 



Fig. 8. — Lavers “ wrapping over '' from one face to another. (Octahedral faces 

of Pb(NOJ,.) 


On cr^^stals of this substance, the layers are often well seen when crossed 
Nicols are used ; the interference colour arising from the birefringence of the 
crystal varies in shade according to the thickness, and the colour effects show up 
the growth of the layers in a beautiful manner, though appearances are sometimes 
confused, owing to the fact that two systems of layers, one above and one 
below the crystal, are seen simultaneously. Some very striking cinematograph 
shots (in colour) were secured under these conditions. Fig. 7 is a monochrome 
“ still ” from one of these films ; it shows, in the upper part, numerous thin 
irregular-shaped layers, and in the lower part, some more regular formations. 
This photograph also shows other striking characteristics of this substance, 
when grown rapidly on a mioroscope slide — the tendency for different parts 
of the same rod-like crystal to grow almost independently (note the contrast 
between the two layer systems in the two halves), and the tendency to form 
very thick sheath-like layers, embracing all four sides of the tetragonal prism, 
which grow slowly along the prism. 

Other Salts. — Many other salts were observed, and in the majority of cases 
no layers were seen ; but several other crystals were found to exhibit visible 
layers. Among them was lead nitrate, the normal habit of which is octahedral. 
The layers which grew on the triangular faces were roughly triangular in shape, 
when they grew from a point in the centre of a face. Sometimes, on th^ other 
hand, layers seemed to be spreading from a comer or an edge ; the origin of 
those spreading from an edge was, perhaps, indicated by occasional observations 
that a layer, on reaching an edge, wrapped over on to the next face, as in 
Fig. 8. The addition of Methylene Blue tp the solution caused the crystals to 
grow as cubes ; on these also layers were seen, usually apparently growing 
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from corners and edges ; but whether the corners and edges were the real origin 
of the layers is doubtful, in view of the wrapping-over ” effect just mentioned. 
When a layer system can be seen spreading from the centre of a face, there is 
no doubt about the origin, but when it appears to come from an edge or corner, 
it may be a legacy from another face, which cannot be examined. The addition 
of sodium nitrate to the solution had no effect, but when nitric acid was added 
no layers could be seen. When both sodium nitrate and nitric acid were added 
layers were again seen. 

Sodium nitrate, growing from pure solution, showed no layers, but the addition 
of lead nitrate to the solution caused layers to appear. No other nitrates had 
any effect when added to NaNOg solution ; those of Ca, Sr, Ba, Cii, Ni, Ag, Hg, 
Bi and A 1 as well as nitric acid were tried. 

Potassium sulphate and potassium chromate showed extremely thin layers. 
The addition of H2SO4, NaOH, KOH, or Na2S04 to a solution of j)otassium 
sulphate did not affect the formation of layers. Alum showed slight indications 
of layers. FeS04. (NH4)2 S04.6Ha0 showed clearly defined layers, and it was 
on one of these crystals that a system of layers was seen growing inwards (filling 
a pit), on the same face with a normal outward-growing system (sec Fig. 9) ; 
the inward-growing system could be seen to be due partly to the wrapping-ox^er 
of layers from contiguous faces. 



Fig. 9. — Outward-growing and inward-growing layer systems on the same face of a 
crystal of ferrous ammonium sulphate. Note the part played by the “ wrapping- 
over effect. 

Potassium iodide showed some confused appearances which might be interpreted 
as layer formation ; these were seen near edges and corners, but the direction 
of spreading was not clear. Mercuric chloride showed definite layers ; so did 
magnesium nitrate. 

Sodium formate, sodium diethyldithiocarbamate and sodium phthalate 
showed very thin layers. 

Layers could not be observed on any of the following crystals — NaClOa, 
NalOg, NaF, NaBrOa, NaNOa, NaNOg, sodium antimonate and sodium nitro- 
prusside; KNOg, KNOg, KClOj, KSCN, KCIO4, KjSaOg ; sodium 

citrate, potassium oxalate and tetraoxalate ; ammonium chloride, either from 
pure solution or a solution containing urea ; LiCl, ZnS04 . 7HaO , MgS04 . yHgO, 
(NH4)aS04, ammonium vanadate, chrome alum; and NaHNH4P04 . 4HaO. 

All those substances on which layers were seen have moderate or high solu- 
bilities (the lowest being HgClj with a solubility of about 6 % at 20® C). The 
following slightly soluble substances were observed, but no layers were seen on 
any of them — 

CaS04.2Ha0, CaClg. Ca(OH)2.HaO. 2Na8P04 . NaF . 19HA Na4BaO, . loHA 
PbCla, AgS04. LigCOa, Sr(OH)2, Ba(OH)a, KCIO4. 

Organic Substances. — The following crystals have been observed, but no 
layers have ever been seen under the conditions of these experiments — 

Cane sugar, hydroquinone, propionamide, phthalic acid, citric acid (in water), 
naphthalene, benzophenone, camphor, benzil, stilbene, ^-nitrophenol, methyl- 
glyoxime, dimidone, dichlorobenzene, acetanilide and a-naphthol (in alcohol) ; 
and anthracene in benzene solution. 
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On the other hand, urea, acetamide, pyrocatechol and chloramine-T 
(CH, . CgH4S08Na . HCl . 3H2O) showed definite layers, when grown from aqueous 
solution ; so also did sodium formate, sodium diethyldithiocarbamate and sodium 
phthalate. Note that all the substances on which layers were seen are either 
ionic or else contain strongly polar groups. 

Influence of Solvent. — It appeared from all the foregoing observations 
that layers thick enough to be seen by ordinary light under the conditions of 
these experiments are only formed on crystals which contain either ions or 
strongly polar groups ; in view of this apparent influence of electrostatic forces, 
it seemed of interest to study the growth of crystals in solvents of lower dielectric 
constant than water. Several substances which had been observed to give 
visible layers when grown from aqueous solution, and which are also soluble 
in ethyl alcohol, were therefore crystallized from this solvent. These substances 
were cadmium iodide, potassium dihydrogen phosphate, sodium formate, sodium 
diethyldithiocarbamate, urea, acetamide, pyrocatechol and chloramine-T. In 
all cases, layers did not appear on crystals growing from alcoholic solution. 
Tn three cases — urea, potassium dihydrogen phosphate and cadmium iodide — 
alcohol-water mixtures were also used, and it was evident that the layers became 
thinner with increasing proportion of alcohol. When urea was grown from 
methyl alcohol layers were seen, as in water solution ; but cadmium iodide 
in methyl alcohol showed no layers. It seems reasonable to attribute these 
effects to the fact that the dielectric constant of ethyl alcohol (26 at 20® C) is 
much lower than that of water (81 at 18° C) ; the dielectric constant of methyl 
alcohol (31 at 20° (') is a little higher than that of ethyl alcohol. 

Discussion 

Formation of Thick Layers. — It seems likely that crystals in general 
(at any rate, those with definite faces) grow by the spreading of discrete 
layers one after another across the faces. On many crystals these layers 
are too thin to be seen by visible light ; but, as we have seen, on quite a 
number of crystals the layers are sufficiently thick to be seen either by 
dark ground illumination or sometimes even by ordinary transmitted light 
or between crossed Nicols ; these layers are often some thousands of 
Angstrom in thickntiss. That the layer-spreading process occurs on the 
much smaller scale of a few molecules has been shown by the observations 
of Marcclin ® and Kowarski ^ on ^-toluidine, which, because it grows as 
exceedingly thin plates, permits observations by a method sensitive to 
much smaller differences of thickness than those revealed under the present 
conditions ; and the process of formation of thick layers from thin ones is 
demonstrated by our frequent observations that thin layers, spreading 
more rapidly than thicker ones, overtake underlying thicker layers and 
add to their thickness. 

Why are thick layers, hundreds of ions or molecules in thickness, built up ? 
Why do not the thin primary layers, which are perhaps one ion or molecule, 
or a few ions or molecules, in thickness, proceed independently ? 

It might be urged that thin layers spread faster than thick ones, simply 
because less solute is required to extend a thin layer a certain distance 
than to extend a thick layer to the same distance. But this is beside the 
point : a system of thin layers of a certain height needs precisely the same 
amount of solute to spread a certain distance as a system of fewer thick 
layers of the same total height. What we have to explain is the tendency 
of a system of a large number of thin layers to break up into a system of 
a few thick layers. Although no quantitative theory based on a consideration 
of surface forces can be offered, we can at any rate link up the phenonfbnon 
of thick layer formation with the general principles of crystal morphology. 
When a succession of thin layers, of ionic or molecular thickness, i$ spreading 
across a crystal face, the surface (see Fig. 10 a) is not a face of low indices 
but a face having very high indices. Now the outstanding generalization 
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of crystal morphology is the universal tendency for the bounding surfaces 
to be faces of low indices ; when growth comes to an end the faces are 
found to be those of low indices, often indeed the simplest possible 
indices ; these are the faces which are either parallel to, or are simply 
related to, the edges of the unit cell. Faces with high indices, if they are 
artificially created by cutting or dissolving a crystal, eliminate themselves 
because their rates of growth (thickness deposited on the surface in unit 
time) are higher than those of simple faces. The elimination may occur by 
apparently straightforward growth as in Fig. ii a or by a process of 
breaking-up into steps as in Fig. ii h. Faces of high indices are thus less 
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Fig. io (a) A system of molecular layers spreading, one after another, across a face 
constitutes a high-index surface. 

(b) The break-up into large steps has the effect of making the major part of 

the surface a low-index surface. 

(c) Idealized representation of the surface of a growing crystal. (Heights of 

steps much exaggerated.) 


stable as surfaces, and presumably have a higher surface energy, than 
those of low indices. There will therefore be a tendency for the high-index 
faces created by the system of spreading layers (Fig. loa) to break up 
into comparatively large steps, so that the bounding surfaces have low 
indices (Fig. lod). (Actually the edge of a step is usually a high-index 
surface (see below) ; nevertheless, the break-up into large steps does have 
the effect of making the great majority of the surface (the tops of the layers) 
a low-index surface.) There is, of course, no sharp distinction between 
the ori^al surface which can appropriately be regarded as a high-index 
face (Fig. lo a) and the surface with large steps (Fig. lo 6) which is pre- 
dominantly a low-index surface ; there is a continuous change of surface 
energy with step-height. Thus the reason why thin layers spread more 
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rapidly than thicker ones, and therefore overtake thicker ones, is in all 
probability that there is a greater surface energy at a low step than at a 
high one. The formation of thick layers hundreds of ions or molecules 
thick is thus seen to be just another manifestation of the great morphological 
principle of simple indices. 

The vicinal faces which have been found on minerals and on crystals 
grown in the laboratory probably consist of systems of layers having a 
step-height smaller than the wavelength of light ; the crystals exhibiting 
vicinal faces are probably crystals whose growth has not gradually slowed 
down with time, but has for some reason been arrested. The existence of 
vicinal faces on growing crystals was shown by Miers (1903), who abo 
observed that the inclination varied during growth. The crystals he studied 
were alum, sodium chlorate, ZnS04 . 7H2O and MgS04 . 7H2O ; all these have 
been studied in the present work, and only on alum have any indications 
of layers been seen ; but if our interpretation of vicinal faces is correct, 
Miers* observations may be taken as evidence that layers do form on the 
other two crystals but are too thin to be seen. 






Fig. II. — Elimination of high-index surface, (a) by apparently straightforward growth 
(the rate of growth of the high-index face being greater than those of neighbouring 
low-index faces), (6) by step formation. 


The layer thickness built up on any crystal presumably depends on the 
difference between the surface energies of high-index and low-index faces 
(in relation to the surrounding solution), which may perhaps be formulated 
for the present circumstances as the change of surface energy with step- 
height ; our observations have shown that this is different for each crystal, 
and, moreover, is strongly influenced by specific impurities in the solution. 
The only generalization we can make is that since thick layers were never 
seen on crystals of non-polar substances, but were seen on a number of 
crystals containing ions or polar molecules, the change of surface energy 
with step-height is steeper in ionic or polar crystals than in non-polar ones. 
It is entirely reasonable that this should be so ; in a crystal composed of 
ions or polar molecules, different faces present very different arrangements 
of positive and negative charges, and the surface forces would be expected 
to vary sharply with the distribution of surface charges ; but in non-polar 
molecular crystals there are no sharp electrostatic differences, and it is 
to be expected that the differences between the surface forces of different 
faces would be less marked. The differences between various ionic and 
polar crystals, some of which show thick layers, while others do not, remain 
unexplained ; we have not been able to detect any correlation between 
chemical constitution and the presence or absence of thick layers. Ip view 
of the powerful influence of dissolved impurities, any relationship could 
only be expected to be found if highly purified substances were used. 

The manner of deposition on the edge of a layer must also be^ considered. 
A layer edge several hundred atoms high is quite a large face, from the 
atomic point of view ; does deposition occur on it by the formation of surface 
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nuclei and the subsequent spreading of layers on a smaller scale than that 
involved in the thick layers, or does solute pile on in a more indiscriminate 
manner ? And if layers are formed, where do they start ? The answer to 
this question is probably bound up with the question of the nature of the 
surface of a layer edge. Most growing layers are irregular in shape and 
even if (on a cubic crystal) the edges are at right-angles to the tops, the 
edges are, for the most part, not low-index surfaces. (This is symbolized 
in Fig. IOC by making the edges of layers non-rectangular.) Deposition 
on the edges of layers, therefore, is deposition on high-index surfaces. 
There is some reason for thinking that rapid deposition on high-index 
surfaces does not occur by layer formation, but in a more indiscriminate 
way. The skeletal shapes of very rapidly growing crystals usually have 
rounded surfaces ; the directions of growth are well defined geometrically, 
but the actual surfaces are rounded. (Flat surfaces may develop subse- 
quently, and these are low-index surfaces, but during rapid growth the 
surfaces are rounded.) The absence of flat surfaces during growth suggests 
that deposition occurs, not by layer formation, but in a more indiscriminate 
manner. Therefore deposition on the edges of layers may also take place 
in this way. 

There is, of course, a tendency for the edges of layers to become low-index 
surfaces ; this is seen, first of all, as a tendency for the shape of a layer 
to become more regular as growth slows down ; but even when the shape 
becomes fairly regular, as in the octagonal layers of Fig. i (NaCl), it may 
be doubted whether the edges arc surfaces of minimum indices for this 
reason. If the edges of the above-mentioned octagonal layers were per- 
pendicular to the top (a (lOo) face, let us say), the surfaces of the edges 
would be (oio) and (on) ; a (oio) face is crystallographically equivalent to 
a (lOo) face, and deposition would therefore be equally likely on the edge and 
the top of the layer ; that deposition occurred only or mainly on the edge 
makes one doubt whether the edge was really (oio) ; it was probably not at 
right-angles to the top and was therefore a high-index face. Nevertheless, as 
growth slows down, there is presumably a tendency for the edges of layers 
to become low-index surfaces. It may be observed that when this happens 
growth will be very much inhibited, for it will have to wait on the formation 
of surface nuclei. It is possible that it is in these circumstances the 
Kossel-Stranski picture of surface nuclei forming on edges and corners is 
valid ; we may well imagine that the most likely place for a nucleus to 
form is at the edge formed by the top and side of a layer (a in Fig. lo J). 

We are thus led to the view that rapid growth of crystals depends on the 
maintenance of high-index surfaces ; if for any reason the surface (so to 
speak) heals — that is, becomes a low-index surface — ^growth will be very 
much inhibited. We shall return to the question of the rate of growth 
of crystals in Part II. 

Formation of Surface Nuclei. — Perhaps the most striking and the 
most important generalization which came out of the many observations 
made in this work is that, more often than not, the layers were observed 
to spread, not from the corners or edges of faces, but from the centres of 
faces. Even when layers were seen spreading from edges or corners, it 
was sometimes evident that they had wrapped-over '' from contiguous 
faces. One example may be quoted in which it appeared fairly certain 
that the point of origin was a comer : on a lead nitrate crystal, a small, 
rapidly growing face, which showed normal layer growth by spreading 
from the centre, became smaller and smaller owing to its rapid growth 
compared with contiguous faces, and was soon eliminated and replaced by 
a comer ; immediately this happened, layers were seen spreading from 
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this comer over the only contiguous face which could be 
(see Fig. 12). The sequence of events suggests strongly that in these 
circumstances the layers really did originate at the comer 
“ wrapped-over ’’ from other faces. Nevertheless, the general rule is that 
layers spread from the centres of faces. 





Fig. 

£ 


12 . 


Layers spreading from comer of octahedral face of Pb(N 03 ) , crystal, immedi- 
ately following the disappearance of a small, rapidly growing face. 
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To the observations made in this work we may add one more, which, 
although not an observation of growing crystal but a record of the surface 
structure of a crystal after growth was arrested, seems convincing. Electron 
microscope photographs taken by R. W. G. Wyckoff (private communication) 
show, on the surfaces of crystals of a protein (a decomposition product of 
one of the necrosis viruses), low pyramids of layers. Individual molecules 
130 A in diameter can be seen, and it appears that each layer is one molecule 
thick ; further, the concentric arrangement suggests that during growth 
layers spread out successively from a point which is not on a crystal edge 
or comer, just as in the examples seen in the present work. This confirms 
that, as we have already surmised, the layer-spreading process which we 
have observed on the scale of hundreds or thousands of Angstrom gives a 
correct impression of what happens on the molecular scale. 

The spreading of layers from the centres of crystal faces rather than 
from edges or corners seems surprising, whether one approaches the problem 
from a consideration of surface forces on the crystal or of the conditions 
in the solution. If we consider the crystal, the edges and corners are the 
places where there are most unsatisfied forces, and these are the places 
where nuclei for the inception of new layers would be expected to form. 
This idea seems quite generally applicable to all crystals ; moreover, in the 
case of ionic crystals having the NaCl structure, Kossel,^ Stranski ^ and 
Brandes and Volmer ® have calculated the energy-yield in adding an ion 
to various places on a crystal surface (an atomically perfect plane, the edge 
of an incomplete layer, etc.) and their calculations indicate that, if we 
assume the event of greatest energy-yield to be statistically preferred, 
then the inception of new layers is more likely to occur at edges or corners 
than in the centre of a face. If we consider the solution surrounding the 
crystal, it has been shown (see Part II, and Berg ^^) that the supersaturation 
is greater at the edges of a face than at the centre, and it is at the places 
where supersaturation is highest that we should expect new surface nuclei 
to form. 

Thus, whether we consider the crystal surface or the solution in contact 
with the crystal, we are led by current ideas to expect that new layers 
would start at the edges and comers. But, as we have seen, layers usually 
do not spread from edges or corners, but from the centres of faces. It is 
evident that current ideas need revision, or else there is some other factor 
which overshadows those which have so far been considered. 

What are the circumstances at the centre of a face, other than those 
already considered ? If we consider the structure of the crystal surface, 
a possible cause of the formation of surface nuclei is the existence of cracks 
or strains ; it is noteworthy that when sodium nitrate crystals grow on a 
calcite cleavage, they grow more freely on cracks than elsewhere ; but we 
know of no evidence indicating (as a general rule) greater imperfection at 
the centre of a crystal face than elsewhere. If we turn to the solution, a 
possible clue is given by the study of the concentration distribution round 
growing crystals of sodium chlorate ; according to Berg less solute arrives, 
per unit area of face, at the edges of a face than in the centre, and therefore, 
since faces remain nearly fiat, surface migration of solute molecules must 
take place from the centre towards the edges of a face. (In our own earlier 
work on this aspect, which is considered in Part II, we could not be sure 
that this was so ; but Berg’s measurements were perhaps rather more 
precise.) If it is a fact that the amount of solute per unit area arriving 
at the centre of a face is greater than at the edges, this may be the reason 

Berg, Proc. Roy. Soc. A , 1938, 164, 79. Cp. also Humphreys-Owen, Proc. Roy. Soc. A 
(in press) and This Discussion. 
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why layers start at the centre ; in spite of the surface migration towards the 
comers, which tends to relieve the situation, the piling-up of excess solute 
at the centre is likely to result in additional deposition there — that is, in 
the formation of surface nuclei. It is suggested in Part II that the tendency 
for excess solute to arrive at the centre of a face is due to the geometry 
of the situation : radial inward diffusion to a polygonal crystal necessarily 
tends to deliver excess solute to the centres of crystal faces. 

It is not possible to decide with certainty how far the formation of surface 
nuclei at the centre of a face is due to surface structure and how far to the 
disposition of concentration gradients in the solution. The occasional 
observation of more than one system of layers on a face would appear to 
favour surface imperfections, but it is not impossible even in these cases 
that diffusion effects were responsible : convection currents might lead to 
more than one point of convergence of excess solute on the same face. 

Layer Formation and the Imperfections of Crystals. —There is a 
great deal of evidence which indicates that most crystals, even those which 
are perfectly transparent and have highly perfect faces, are very imperfect 
in structure. The tensile strengths of actual crystals are only small fractions 
of what they would be for perfect crystals ; and the intensities of X-ray 
reflections indicate that the precise structure which exists in small regions 
is not continued uninterrupted throughout the crystal — there are dis- 
continuities at intervals of the order of 1000 A. The discontinuities are not 
at regular intervals ; the idea of a regular secondary structure due to 
fundamental causes, which was at one time put forward by Zwicky^^ is 
not now accepted ; there are considerable variations in imperfection of 
crystals from different sources, as Smekal has shown by measuring mech- 
anical properties of rock-salt crystals, and Lonsdale by divergent-beam 
X-ray photography of various crystals. It seems likely that these imper- 
fections arise (at any rate partly) from the manner of growth by the spreading 
of layers across the faces. Successive layers do not necessarily join up 
perfectly with each other ; it is more likely that cracks will occur, and, 
moreover, we have occasionally seen on urea crystals layers which, starting 
apparently in contact with the underlying solid, actually part company 
with it, leaving a visible crack. Another fact pointing in the same direction 
is that crystals on which no layers have been seen (that is, on which the 
layers are too thin to be seen) tend to be more perfectly transparent than 
those on which thick layers have been seen. These are extreme cases, 
but the same sort of thing is likely to proceed on a smaller, invisible scale. 
When layers fail to join up properly, there will be not only a crack between 
them but also small changes of orientation of the lattice, perhaps best 
visualized as a slight waviness of each layer. Both types of imperfection 
are necessary to account for the intensities of X-ray reflections. 

Layers, to be visible at all under the conditions of our observations, 
must be at least several hundred Angstrom thick ; and those layers whose 
thickness was measured were 1700-5000 A thick. For many substances, 
the layers are on the border-line of visibility, while for many others, they 
are too thin to be seen. The order of magnitude is about right to account 
for the fact that many crystals are, as far as X-ray diffraction is concerned, 

ideally imperfect.'" We have also seen that the thickness of layers is 
strongly influenced by specific dissolved impurities and the nature of the 
solvent. There would appear to be scope for investigating the intensities 

“ Zwicky, Proc. Nat, Acad, Sci„ 1929, 15, 253 ; Physic, Rev,, 1931, 38, 1772 ; 1932, 
40. 63. 

” Smekal, Physik. Z., 1930, 31, 229. 

^♦Lonsdale, Phil, Trans. Roy. Soc., 1947. 24#; 219. 
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of X-ray reflections of crystals whose growth has previously been observed ; 
there might be a correlation between layer thickness during growth and 
the ** extinction " effects often found in X-ray reflections ; the layer thickness 
on urea crystals, for instance, could be varied by growing from mixtures 
of different proportions of alcohol and water. Again, on many crystals, 
including NaCl and KH2PO4, the layers are thicker towards the edges of a 
face than at its centre ; there might be a difference between the intensities 
of reflection of X-rays at these two positions on the crystal face. 

LCJ. Ltd., 

Alkali Division, 

Northwich, Cheshire. 


CRYSTAL GROWTH FROM SOLUTION 
11. Concentration Gradients and the Rates of Growth of Crystals 

By C. W. Bunn 
Received 315^ January, 1949 

When a crystal grows from a supersaturated solution, the concentration 
of the solution in contact with the crystal is reduced, a concentration gradient 
is set up, and the crystal is fed by diffusion down this gradient. We may 
divide the process of crystal growth into two aspects — the taking '' of 
solute from the solution by the crystal face, and the arrival of more solute 
by diffusion ; and the rate of growth of a crystal face (thickness deposited in 
unit time) depends on the factors which control both aspects. A knowledge 
of the supersaturation at the face is necessary for the consideration of both 
aspects, for on the one hand it may control the rate at which solute can 
be “ taken by the face, and on the other, the concentration gradients 
which are set up depend on the supersaturation at the face as well as on the 
initial supersaturation of the solution. The diffusive flow of solute is 
governed by Tick's law, that the rate of diffusion past any point is propor- 
tional to the concentration gradient at that point. (Deviations from Pick's 
law — that is, variations of diffusion constant with concentration ^ — need 
not concern us at present.) 

It was at one time supposed * that the concentration at the crystal face 
sinks to the solubility value ; but in 1903 Miers,® by measuring the angle 
of total internal reflection at a growing crystal face, determined the refractive 
index of the solution and hence its composition, and established that the 
solution at the face is very appreciably supersaturated ; he found this was 
so for three substances — alum, sodium chlorate and sodium nitrate. In 
later theoretical speculations, such as those of Berthoud,^ Valeton ^ and 
Spangenberg,® the prevalent idea has been that the rate of growth of a 
crystal face of a given type is some function of the supersaturation at the 
face, the underlying conception being that the supersaturation is a measure 


^ McBain and Dawson, Proc. Roy. Soc. A, 1935, 148 , 32. 

* Nernst, Z. physik. Chem., 1904, 47 , 52. 

^ Miers, Proc. Roy. Soc. A, 1903, 71 , 439 ; Phil. Trans. Roy. Soc., 1903, 903, 459. 

* Berthoud, J. Chim. Physique, 1912, 10 , 624. 

® Valeton, Z. Krist., 1924, 59, 135, 335- 

< Spangenberg, Neues Jahrb. Miner. A, 1928, 57 , 1197. 
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of the driving force for deposition. (Crystal faces of different types would 
be characterized by different rates of growth at the same supersaturation.) 
The conception seemed reasonable, but there was at that period no experi- 
mental evidence to support it, and in 1932 we set out to measure simul- 
taneously the rates of growth of crystal faces, the supersaturation at the 
faces, and the concentration gradients round the crystal. Miers* method would 
be difficult to adapt to the exploration of any variation of supersaturation 
at different points on the same face, and could not give concentration 
gradients in the solution ; a different method was therefore developed. 
Crystal growth was reduced practically to a two-dimensional process by 
growing a crystal in a thin film of solution confined between glass plates, 
and concentration differences were determined from refractive index differ- 
ences measured by an interference method which was suggested by T. R. 



Fig. I. — Rates of growth of crystal faces, Expt. 1. 


Scott, then of this laboratory : the glass plates were half-silvered and not 
quite parallel, and under the microscope in parallel monochromatic trans- 
mitted light, a system of interference fringes was seen, the distortions of 
which were a measure of changes of refractive index and thus of concentra- 
tion. Photographs were taken at intervals, and subsequently measured in 
detail. Sodium chlorate was chosen as a convenient substance for the 
experiments, as it is cubic, and strongly supersaturated solutions can be 
obtained in which unwanted additional crystal nuclei are less readily formed 
than in solutions of many other substances. I shall not give further experi- 
mental details, as they are adequately covered in a paper by Berg,*^ who 
took up this method a little later. 

The results of our earliest experiments will not be described in (Jetail, 
as they are substantially the same as those of Berg. It will suffice to state 
that the supersaturation was found to vary along any one face, being greatest 
at the edges and least at the centre ; this banished the prospect of discovering 


’ Berg, Proc. Roy, Soc. A, 1938, 164, 79. 
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any absolute correlation between rate of growth and supersaturation, since 
faces remained flat in spite of considerable differences of supersaturation at 
different points. Moreover, the four observed faces of a crystal, though 
crystallographically equivalent, usually grew at different rates, and no 
correlation could be found between rate of growth and either the maximum, 
or the minimum, or the average supersaturation at the face. There was no 
question of exhaustion of solute at certain faces ; in fact, often the most 
slowly growing faces were in contact with the most strongly supersaturated 
solution. My purpose now is to reconsider these facts in relation to the 
phenomenon of layer formation described in the preceding paper, and to 
describe some experiments in which for various reasons crystal growth was 
very abnormal ; these abnormal experiments are in some ways more instruc- 
tive than the more normal ones. 



Fig. 2. — Supersaturation along faces, and rates of growth. Expt. i, at 13 min. and 
36 min. Initial supersaturation of solution, 7*77 g./ioo g. solution. 


Experimental 

Three experiments will be described, which were the most remarkable and 
instructive of those carried out ; they were all done in 1932. In the first, the 
principal point of interest is in the fact that the rates of growth of the four 
observed faces (see Fig. 1) did not slowly and steadily diminish with time as in 
some other experiments (sec Expt. 2 below) ; the rate of growth of one face (D) 
diminished rapidly, within about 20 min., to half its initi^ value, while those of 
the other three faces first decreased and then increased again. The increase was 
most marked for faces A and B which >vere adjacent to D. Face A, which was 
at first the slowest, became the most rapidly growing. This was certainly not 
due to exhaustion of the solution near face D, for in this experiment the initial 
solution was exceptionally strongly supersaturated (7*77 g. NaClOa per 100 g. 
solution), and the concentration at the crystal faces was everywhere far above 





Fig. 3. — Crystal of sodium chlorate (the cracked crystal of ]^!lxpt. 2 ) growing in thin 
layer of solution between nearly parallel lialf-silvi'red mirrors, illuminated by 
parallel monochromatic light. 


To face page lS5j 
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saturation for the whole duration of the experiment. The variation of super- 
saturation along the faces, shown in Fig. 2, was of the same type £is in our earlier 
experiments and those of Berg, and there was again no correlation between 
rate of growth of a face and the maximum or minimum or average supersatura- 
tion. The changes in rate of growth of the faces give the impression that the 
total amount of solute reaching the crystal was limited but was redistributed 
during the course of the experiment. 

Faces A, B and C in this experiment were not entirely flat ; face B was very 
slightly convex throughout, while A and C at different times exhibited temporary 
steps, when one half of a face gained on the other ; but these steps were soon 
eliminated (they are ignored in Fig. i, which gives the average rate of growth 
for each face). This demonstrates that in normal circumstances there is an 
influence (presumably the layer-spreading process) which tends to keep a crystal 
face nearly flat during growth, and is even able to overcome an appreciable 
temporary departure from llatness. 



Fig. 4. — Rates of growth of faces of cracked crystal, Expt. 2, 


The course of events in Expt. 2 is very relevant to this same point. In starting 
the experiment (probably when the upper mirror was put in place) the crystal 
became cracked right across ; each of the two oppo.site faces which were cracked 
behaved as two independent laces, the two halves growing at considerably 
different rates. One photograph is reproduced in Fig. 3 to illustrate the sort of 
experimental material on which these results are based. Fig. 4 shows the rates 
of growth, which in this experiment show a steady decline with time, and Fig. 5 
shows the supersaturation along all the faces at two stages (there wais very little 
change in this respect in the duration (67 min.) of the experiment). 

The independent growth of the two halves of a cracked face underlines what 
was said in discussing Expt. i ; presumably the layers were not able to bridge 
the crack, and each half of the face was therefore free to respond independently 
to whatever changes occurred either on its surface or in the solution in contact 
with it. 

In Expt. 3 the course of events was still more abnormal. As in all the experi- 
ments, some initial dissolution of the seed crystal occurred when warm solution 
came in contact with it ; but in this case one corner was dissolved more than 
the others, and by the time the assemblage reached laboratory temperature, 
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the crystal had a small (no) face on one corner in addition to the usual four loo 
(cube) faces. This (no) face grew faster than any of the cube faces, and soon 
eliminated itself, its rate of growth increasing towards the end. The rates of 
growth of the cube faces showed the remarkable changes recorded in Fig. 6 ; 
face A soon stopped growing altogether, while at the same time the rate of 
growth of B very much increased. Face A did not grow at all for a whole hour 
afterwards ; the changes in the rates of growth of the others were somewhat 
similar to those which occurred in Expt. i. The supersaturation along the 
faces at two points of time in the crucial period (at 8 min. and 13 min.) is shown 
in Fig. 7 and 9, and the concentration distribution round the crystal at the 
same times in Fig. 8 and 10. 



Fig. 5. — Supersaturation along faces, and rates of growth. Expt. 2, at 32 min. Initial 
supersaturation of solution, 4*9 g./ioo g. solution. 



Fig. 6. — Hates of growth of faces, Expt. 3. 


The course of events in this experiment forms the most striking demonstration 
of the lack of correlation between the rate of growth and supersaturation, for 
face A was in contact with strongly supersaturated solution, and yet stopped 
growing ; in fact, by the time it had stopped growing, the average concentration 
of solution in contact with it was greater than for any of the other three faces 
(Fig- 9 ). 

The diagrams of distribution of concentration (Fig. 8 and 10) suggest that. 
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7, — Supersaturation along faces, and rates of growth. Expt. 3, at 8 min. 
supersaturation of solution, 3*36 g./ioo g. 
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Fig. 8. — Equal-concentration contours. Expt. 3, at 8 min. Contours drawn at 

intervals of 0*246 g./ioo g. 
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Fig. 9. — Supersaturation along faces, and rates of growth. Expt. 3. at 13 min. 
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at first, the avidity of the rapidly growing (no) face caused an extensive reorgan- 
ization of the concentration distribution round the crystal ; near the (no) face, 
not only were the gradients steepened, but also the supersaturation near the 
crystal was much reduced, and the effect was to shift the diffusion centre (the 
region towards which solute particles were diffusing) away from the centre 
of the crystal and towards the (no) corner face ; it may be that this is the reason 
why, at this period, faces C and D which were adjacent to the (no) face were 
growing faster than A and B — solute was diverted from A and B towards C 
and D, as indicated by the arrows in Fig. 8. If this were all, we should expect 
faces A and B to continue to grow at about the same speed ; but in fact A 
stopped growing altogether while B’s rate of growth increased until it was about 
the same as that of C. These changes are similar to, but more extreme than, 
those which occurred in Expt. i ; and they raise in the most acute manner the 
central question : what is it that determines the speed at which a cube face of 
sodium chlorate grows ? It is evident that the supersaturation at the face is 
not the determining factor. Are the extreme variations due to some other 
condition in the solution, or to changes on the surface of the crystal ? 



Fig. 10. — Equal-concentration contours. Expt. 3, at 13 min. Contours drawn at 

intervals of 0*246 g./ioo g. 

Dr, S. P. Humphreys-Owen,® who has recently been studying the growth of 
sodium chlorate crystals by the same method, has observed phenomena similar 
to those described here — extreme variations of the rates of growth of the four 
observed faces, including the complete stoppage of growth of one or more faces. 
He has also observed the restarting of growth of a stopped face. All these 
phenomena must be considered in any attempt to frame a theory of crystal 
growth from solution. 

Berg,’ in considering the fact that crystallographically equivalent faces 
grew, in his experiments, at different rates, was inclined to attribute the differ- 
ences to the j)re.sencc of local traces of impurities. This suggestion does not 
seem acceptable. Dissolved impurities would affect all faces equally. Undissolved 
impurities might become localized ; but it is difficult to see how they could cause 
the effects observed. Impurities may or may not be built into the crystal ; if 
they are built in, the poisoning effect would be temporary, because fresh material, 
deposited on the impurity, would create a fresh surface free from impurity ; 
if they are not built in, they remain near the suiface, rejected by each layer 
but able to hinder growth by their continued presence ; but it is difficult to 

• Humphreys-Owen, Proc, Roy. Soe. A (ki press). 
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believe that the effects would be confined to one particular face for any length 
of time — neighbouring faces would be affected. Moreover, how are we to explain, 
the fact that the rates of growth of A, B and C in Expt. i increased while that 
of D decreased ? It is unlikely that impurity would be built in and covered over 
on three faces but not on the fourth. It is equally unlikely that impurity would 
migrate towards D and away from the three other faces. 

If we reject explanations based on local surface contamination, we must 
consider whether the phenomena can be explained by any other solution 
condition, or by surface changes arising from within the crystal (such as strains 
or cracks). On solution conditions, we may observe that the only condition other 
than supersaturation at the face (which is clearly not the controlling factor) 
is the concentration gradient at the face. Concentration gradients arise in the 
first place because the crystal, so to speak, takes ” solute out of the solution 
and makes its own gradient ; but suppose the gradient is disturbed by convection 
currents : will this affect the rate of growth of the crystal face, irrespective of 
the supersaturation at the face ? Suppose the concentration at the face rises and 
the gradient is partly levelled : will the rate of growth decrease ? It need not : 
the ciystal face might continue to “ take ” solute from the solution at the 
former rate, and this would restore the gradient to its former value. But the 
se(pience of events in Expt. 3 suggests that a local steepening of gradient due to 
the rapid growth of a small (no) face led to an increased rate of growth of the 
neighbouring cube faces ; and this suggests that changes of gradient due to 
external causes such as convection currents might similarly affect the rates of 
growth of cube faces. The existence of slow currents (due to variation of density 
of the solution and to heat of crystallization) was confirmed in one experiment by 
watching the movement of colloidal particles deliberately put into the solution ; 
such movements might take unsymmetrical paths and thus affect different cube 
faces unequally. 

We are thus led to emiuire whether there is any justification for regarding 
diffusive flow of solute as not merely an effect following on surface reactions 
controlled by other factors, but on the contrary as a process which (once it is 
started) has a positive influence of its own. In discussing this question, possible 
relations between the phenomena of layer formation and the conditions in the 
solution will be considered. 


Discussion 

Surface Profile in relation to Supersaturation at the Face. The 

fact that the suporsaturation of the solution at a crystal face varies all 
along the face shows that the possibility discussed by earlier theorists that 
the rate of growth (G, the thickness * of solute deposited on a face in unit 
time) is some function of the supersaturation S at the face is not correct in 
its simplest form, since a crystal face usually remains substantially flat in 
spite of considerable differences of supersaturation at different points. But 
this theoretical possibility was based on the assumption that a crystal face 
is a uniform surface. It has, however, been pointed out in Part I that a 
crystal face may be effectively a high-index surface at the centre and 
predominantly a low-index surface near the edges ; consequently the surface 
forces vary from the centre to the edge of a face, and if one postulates a 
relation 

G - Kf{S)^ 

it must be with the proviso that K may vary all along any one face ; it 
would be high at the centre of a face where there is a high-index surface, and 
low towards the edges where there is predominantly a low-index surface. 
It may be that supersaturation and surface character are mutually adjusted 
so that for any one face at a particular time Kf{S) is constant. Furthermore, 
the lack of correlation between the rates of growth of different faces and 

* G represents the average thickness deposited all over the face, ignoring the fine 
structure of the surface. 
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the supersaturation might be due to differences of surface profile which 
completely mask the influence of supersaturation. The experimental evidence 
either means this, or else it means that the magnitude of the supersaturation 
at the face plays no part in determining the rate of growth (apart from the 
basic fact that no growth occurs unless the concentration at the face exceeds 
the saturation value). 

There appears to be little hope of securing experimental evidence on this 
question, for it is difficult to see how to discover the crystallographic charac- 
ter of layer edges while growing. But even if it were demonstrated that there 
is a definite relation between the character of the surface, the supersaturation 
and the rate of deposition, it would still leave the main problem unsolved : 
at a given supersaturation the rate of growth might have a wide range of 
values depending on the surface profile which is set up during growth. It 
is necessary to enquire what determines the type of surface which is set up. 
It is likely that the key to the situation is to be found at the centre of a 
crystal face, where layers normally originate. 

Layer Formation in relation to the Diffusion Field. It is a striking 
fact that normally layers spread from the centres of crystal faces, where the 
supersaturation is lowest. (It is assumed here that the findings on sodium 
chlorate arc typical. A few preliminary experiments on one other substance, 
potassium fcrricyanide, showed that for this crystal also the supersaturation 
is lowest at the centres of the faces. Further work on other substances is 
desirable.) The magnitude of the supersaturation evidently does not control 
the inception of layers ; and this is consistent with the facts about the 
rate ol growth of faces. The other solution conditions which may vary over 
a crystal face are the concentration gradients which control the diffusive 
flow of solute ; and we therefore turn to a consideration of the diffusion field. 

According to Berg, more solute arrives at the centre of a face than at the 
edges, and since the face remains flat, the excess must be dissipated by surface 
migration. While it may be doubted whether the excess is as large as the 
25-50 % stated by Berg (the accuracy of measurement of gradients is not 
great enough to give confidence in the magnitude, which would mean an 
enormous surface migration), nevertheless, if we may accept the indication 
of an excess at the centre rather than at the edges, this suggests an obvious 
explanation of the inception of layers at the centres of faces. Moreover, the 
arrival of excess solute at the face centre can hardly be attributed to events 
on the crystal surface but must be due to the diffusion process. This line of 
thought leads us to ask whether radial inward diffusion to a polyhedral 
crystal necessarily tends to deliver excess of solute to the centres of faces. 

If there were no surface migration, the crystal surface would take ” 
from the solution uniform amounts of solute all along the face, and this would 
impose on the diffusion field a particular concentration distribution capable 
of supplying uniform amounts of solute to the surface. But if surface 
migration may occur, even if only to a small extent, the diffusion process is 
not tied down to delivering uniform amounts of solute, since any non- 
uniformity can be dissipated by surface migration. In these conditions, 
radial inward diffusion to a polygonal crystal plate is unlikely to deliver 
imiform amounts of solute along each face : the amount arriving at the comer 
is likely to be different from that arriving at the centre. Precise mathematical 
treatment of this problem does not appear possible, but by the following 
approximate numerical procedure (suggested to the writer by Sir Cyril 
Hinshelwood) it is possible to draw some instructive conclusions. 

Round a square representing the crystal plate, the field is divided into 
small squares, each containing a number representing supersaturation. At 
first the numbers are all equal ; to represent the start of crystal growth. 
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the numbers in the squares next to the crystal are all reduced by the same 
amount, representing the amount of solute taken out of the solution by the 
crystal in unit time. The diffusion process is represented by calculating the 
change in each figure in unit time due to transfer of solute to or from each 
of the neighbouring squares, using an arbitrary diffusion constant. Alternate 
stages of deposition and diffusion are then carried out ; in doing this, various 
assumptions about deposition can be made — for instance, uniform deposition 
along the face at a rate which can be either constant or diminishing with 
time (these assumptions corresponding to absence of surface migration), or 
deposition from each square at the rate at which solute arrives by diffusion 
(this corresponding to the assumption of surface migration which dissipates 
any non-uniformity of arrival). The diffusion field spreads outwards with 
each successive stage, just as it does in practice. When uniform deposition 
was enforced at a rate slowly declining with time (to imitate the experimental 
conditions), this led to the establishment of a diffusion field similar to that 
found exj)erimentally (in normal undisturbed circumstances), with equal- 
concentration contours which in the outer region are nearly circular, but near 




Fig. II a . — Form of equal-concentration contours in symmetrical growth, obtained by 
calculation, b. If, at face A, a decline of gradient and rise of concentration 
occurs, this leads to a greater convergence of solute on B and D. 

the crystal have a shape* which is a compromise between square and circular 
(as in Fig. ii ^i). The amount of solute arriving at each square along the face 
was nearly uniform, but there was a persistent small deficiency at the corner : 
thus, at each diffusion stage, slightly too little solute arrived near the corner, 
but at each deposition stage, uniform amounts were taken out of each 
square. The procedure was then altered, to study the tendency of the 
diffusion process when not tied down to uniform delivery at the face ; what- 
ever solute arrived at each point was assumed deposited there. This had 
the effect of making the deficiency of arrival at the corner more and more 
marked at each successive stage, and the inner concentration contours 
became gradually more nearly circular. 

This procedure is slightly unrealistic, in that the “ crystal '' does not 
actually grow ; and the operations are approximate ; but it does represent 
the essentials of the present di.scussion, and the effect appears to be a 
genuine indication of the tendency of the radial diffusion process to deliver 
less solute to the corners than to the centres of crystal faces. We may regard 
this as due to the tendency of the diffusion field towards the cifcular 
symmetry appropriate to radial inward diffusion : the outer contours which 
are nearly circular try to impose their symmetry on the inner one§ ; and the 
more nearly circular are the inner contours, the greater the excess of solute 
arriving at the centre of a face. The tendency would be still more marked 
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in three-dimensional diffusion, and the excess arrival at the centres would 
build up as far as surface migration allows. 

This conclusion not only suggests the explanation of the inception of 
layers at face centres which has already been stated, but it also has implica- 
tions on the question of changes in rates of growth ; for if the normal 
inception of layers at face centres is due to diffusive convergence of excess 
solute there when the diffusion field round the crystal is undisturbed, then 
any disturbance of the field by convection currents is likely to change the 
rate of inception of layers unequally on different faces. The suggestion already 
made, that externally caused gradient changes may be responsible for 
changes in rate of growth (irrespective of supersaturation at the face), is. 
thus supported. 

The simplest way of regarding the inception of layers at face centres (if 
the present views are correct) is the following. If the shape of the crystal 
depended on the diffusion process alone, it would be spherical ; but in fact 
the crystal opposes this tendency and forms nearly flat faces. The formation 
of a low pyramid of growing layers represents the attempt by the diffusion 
process to make the crystal spherical — an attempt which is not very success- 
ful, since the layer system on a growing crystal face is a scarcely perceptible 
departure from flatness. 

The example quoted in Part I, in which layers spread from the comer 
of a lead nitrate crystal following the disappearance of a small rapidly 
growing (presumably high-index) face there, is consistent with these views. 
A rapidly growing face sets up a steep, strongly convergent diffusion field 
(cp. the no face in Expt. 3 above') ; as soon as this face disappears and is 
replaced by a corner, this field initiates layers on the normal faces which 
meet at that corner. 

Surface Profile in relation to Concentration Gradients. The 

problem of rate of deposition on a crystal surface will now be approached 
in a different way, in an attempt to understand more closely the relation 
between the character of the deposition surfaces and the solution conditions. 
It has been noted in Part I that deposition takes place on the edges of layers 
which are apparently high-index surfaces ; at the centre of a crystal face 
the layers are sometimes so thin that tliis part of the surface may be regarded 
as a low pyramid of vicinal faces, while towards the edges of the face where 
the layer edges are thicker, the surfaces are often irregular — ^possibly irregular 
on the molecular scale ; in any case the term high-index surface " covers 
all deposition surfaces. Further, there is a tendency for such surfaces to 

heal ” — that is, for deposition to occur in such a way that the new surface 
has lower indices ; the very formation of thick layers is the first symptom 
of this tendency, and its further progress is indicated by the tendency for 
the layer periphery to become more regular as growth slows down. The 
slow decline of rate of growth with time in undisturbed conditions (see Fig. 4) 
may be due to gradual healing. Rapid crystal growth, in fact, appears to 
depend on the maintenance of sensitive liigh-index surfaces ; if the surfaces 
were to heal comi)letely, growth would be severely inhibited ; it is possible 
that the complete stoppage of growth of faces which has sometimes been 
observed is due to complete healing. 

The outstanding question which arises is the following : what is it that 
prevents complete healing in normal circumstances? If a crystal having 
imperfect surfaces is put into a supersaturated solution, why is it that the 
first solute molecules do not deposit in such a way as to make low-index 
surfaces which would then grow no further ? The supersaturation is certainly 
not the controlling factor here, because stopped faces are usually found to be 
in contact with the strongest solution ; and it is difficult to imagine any 
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other solution condition except the diffusive flow of molecules set up by the 
initially formed gradient. It may be that if solute molecules arrive fast 
enough, they are deposited in an indiscriminate way so that high-index 
surfaces are maintained. 

This suggestion appears to imply that when solute molecules are moving 
towards the crystal surface, the increased component of Brownian motion 
towards the surface increases the chance of deposition on sites which preserve 
a high-index surface. The change in the component of molecular velocity 
towards the surface which diffusive flow implies is, of course, small ; but the 
chance of deposition on such sites might increase appreciably with quite 
a small change in the component of motion towards the surface. The chance 
of deposition on a site of particular crystallographic character may depend 
on the proportion of molecules having velocity components towards the 
surface which exceed a critical value ; and the critical value may be quite 
delicately related to the crystallographic character of the site. 

If it is true that healing is prevented by a sufficiently rapid diffusive flow 
of molecules towards the surface, we may imagine that exaggerated effects 
may follow a local levelling of the gradient by convection currents : the 
surface partially heals, and becomes less capable of receiving solute, and 
this may lead to a further decline of gradient. How far such a progressive 
change would go cannot be predicted, but the total stoppage of growth, 
which sometimes occurs, indicates that it may go to extreme lengths in this 
direction. Further, if the rate of growth of one face decreases, the levelling 
of gradients there will lead to a greater convergence of diffusing solute on 
neighbouring faces (Fig. 11b), and consequently to an increase in their 
rate of growth ; the differences between the rates of growth of neighbouring 
faces of the same crystal are thus still further exaggerated. (This is presum- 
ably part of the explanation of the course of events in Expt. i and 3.) The 
restarting of growth of a stopped face which has been observed by 
Humphreys-Owen might be explained in a similar way as being due to the 
external building-up of a gradient and consequent diffusive flow which leads 
to the formation of a layer nucleus ; or alternatively this might be truly a 
chance phenomenon : on a perfect cube surface in contact with homo- 
geneous supersaturated solution, the chance of formation of a layer nucleus 
is very small but not zero. 

Conclusion. Much of the foregoing discussion has been concerned with 
the diffusion field and the surprisingly important part it appears to play in 
layer formation : the role which supersatiiration might have been expected 
to play is in fact (according to the present interpretation) taken over by the 
concentration gradients. Nevertheless, the part played by diffusive flow is 
only one side of the picture ; indeed, chronologically it is a secondary part. 
When a crystal is put into a homogeneous supersaturated solution, there are 
at first no gradients ; it is only when the crystal takes solute out of the 
solution that gradients are created ; the “ taking ” of solute out of the 
solution by the crystal is the primary process. It is perhaps here that the 
magnitude of the supersaturation at the surface plays its part : the initial 
rate of deposition may depend on the supersaturation as well as on the 
nature of the surface. (The growth of a crystal nucleus spontaneously formed 
in a solution is a different matter ; the “ taking of solute from the solution 
is part of the process of nucleus formation, which will not be considered 
here.) * 

The extreme importance of the nature of the surface has already been 
emphasized ; it is possible that if a sodium chlorate crystal with perfect 
cube faces were put into a supersaturated solution, it would not grow at all, 
or at any rate the beginning of growth nflght be delayed an indefinite time. 
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(It would be difficult to test this, because any seed crystal grown for the 
purpose, when taken out of its solution, is unlikely to have perfect surfaces 
even if it had thena originally, owing to drying of mother liquor which would 
be likely to give irregular surfaces.) 

The present work gives no information on the possible connection of rate 
of deposition on a given surface with the magnitude of the supersaturation, 
because the precise crystallographic character of the deposition surfaces is 
not known. It does not seem possible to determine the character of the 
deposition surfaces in normal growth ; but it might be worth while to study 
growth on more extensive high-index surfaces which are deliberately created 
by partial dissolution. The character of the surfaces would change from the 
moment growth started, and it would therefore be necessary to measure the 
rate of growth from the earliest possible moment and extrapolate back to 
zero time. Only by observing growth in the earliest possible stage is it likely 
that any significant relation between character of surface, supersaturation 
and rate of growth would emerge. 

The conception of crystal growth developed in this paper is not unlike the 
current conception of certain chain polymerization reactions depending on 
activated molecules, where the initiation of chain formation depends on 
activation (photochemically or by free radicals), and its continuation 
depends on the maintenance of activated chain-ends. In crystal growth, 
high-index surfaces appear to be the active surfaces which are capable of 
adding on further molecules ; the beginning of growth depends on the 
presence of such surfaces, and its continuation depends on their maintenance. 
The problems of rate of crystal growth can be divided into a study of the 
factors controlling initiation (the magnitude of the supersaturation at the 
surface may play a i)art here), and those controlling the maintenance of active 
surfaces (in which the rate of diffusive flow of solute appears to play an 
important part). Deposition on high-index surfaces appears to be the key 
to problems of crystal growth. 

I wish to thank Mr. H. Emmett for his help in the experiments and 
photography involved in this work, Miss B. J. Botterill for assistance with 
calculations, Dr, S. P. Humphreys-Owen for the opportunity of reading his 
paper before publication and for a stimulating discussion, and those of my 
colleagues who were good enough to read the paper and offer comments and 
criticisms. 
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THE GROWTH OF INDIVIDUAL FACES OF CUBIC SODIUM 
CHLORATE CRYSTALS FROM AQUEOUS SOLUTION 

By S. P. F. Humphreys-Owen 

Received 2(^th December, 1948 

Bunn, in hitherto unpublished work, and Berg ^ grew crystals of NaClOs 
alone in a thin film of aqueous solution between optically-plane glass plates. 
Growth was constrained to the four faces in the plane of the film. The rates 
of advance of these faces were measured together with the concentration 

^ Berg, Proc, Roy. Soc. A, 1938, 164, 79. 
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contiguous to them, the latter being deduced by means of interference 
fringes formed in the solution surrounding the crystal. The results obtained 
were unexpectedly complex. It was found that : 

(i) the concentration was not uniform along a face, but was lowest at its 
centre, rising on each side to the corners ; 

(ii) the component of the concentration gradient normal to the face 
(hereafter called the normal gradient), which is proportional to the exit of 
solute per unit area from the solution, was also not uniform. It was highest 
at the centre and fell towards the corners ; 

(iii) faces of one crystal, though all of the same type and initially in 
contact with solution of the same strength, usually grew at different rates 
and sometimes stopped growing altogether ; 

(iv) there was a tendency for the slower growing faces of one crystal to 
be in contact with solution of higher concentration. 

Berg suggested that (ii) implied the existence of a transport of solute 
laterally along the face in a layer too thin to be observed. For without 
such a transport the growth of the face as a plane would be inexplicable. 

The present author ^ has obtained some new results with NaClOg, using 
the same technique, which are reviewed and discussed in this paper. 

Predictions from Diffusion Theory 

With a given supersaturation far from the crystal as one boundary 
condition, and some selected boundary condition at the crystal surface, the 
diffusion of solute to the crystal is determined and its rate of growth 
can be approximately calculated and compared with experiment. In order 
to render the treatment mathematically practicable two approximations 
were made ; the polygonal perimeter of the crystal was replaced by a circular 
perimeter (under the experimental conditions the diffusion field is two- 
dimensional). Secondly, the difficulty caused by the non-cxistence of a 
stationary state was overcome by neglecting the first moments of rapid 
growth and treating only subsequent periods, in which the increasci in size 
of the crystal and of the surrounding zone of non-uniform concentration was 
regarded as slow. 

Let p ™ density of the solid crystal, 
a — - radius of the crystal, 
t ™ time, 

Ca = concentration at the crystal, assumed uniform, 

Cs == solubility. 

The diffusion constant, D, of the solute was defined from Fick's law : 
mass of solute transported per second across unit area equals the product 
of D and the concentration gradient normal to that area. 

Since it appeared from Bunn’s results that differently growing faces of one 
crystal were associated with different values of the contiguous concentration, 
Berthoud’s equation ® was employed as the boundary condition at the 
crystal surface, namely 

G — h{Ca C5), ..... (i) 

where G is the mass per second per unit area incorporated into the crystal, 
and ^ is a constant of the surface which can be different for different faces. 
Ca takes a value dependent simultaneously on k and on the external diffusive 
environment. * 

For the far boundary condition it was assumed that a constant, uniform 


* Humphreys-Owen, Proc, Roy, ^oc. A, 1949, 197, 218. 

* Berthoud, ]. Chim. Physique, 1912, 10, 625. 
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concentration, , existed at and beyond a radius measured from the 
centre of the crystal. It was found experimentally that, except for the 
first moments of growth, r© increased slowly at a rate such that its ratio to 
the diagonal of the crystal remained constant. The ratio r^la was therefore 
taken as constant in the calculation, and the disturbance of the stationary 
state caused by the time-dependence of to and a was ignored. With this 
assumption and the above boundary conditions it can be shown ^ that : 


^.dajdt = k{ca — Cs), 

. . (2) 

«.d./d< _ . 

• • ( 3 ) 

(i/a) (Dlk)c^ + Csln(ro/a) 

]n.{rola) + (i/«) (D/k) ‘ 

. ■ ( 4 ) 


The radial rate of advance declines with time as a increases, and depends 
on the ratio Djk, If k is large compared with D, 

(4) becomes Ca = Cs, 
and (3) becomes ada/dt oc (c^ — Cs). 

This is the historical assumption of Nernst for growth from solution, in 
which the concentration at the crystal surface is brought down effectively 
to the saturation value and the facial rate of advance depends only on the 
diffusion geometry. In this case, (2), which represents the dependence 
of the rate of advance on the crystallographic factor k, then becomes 
indeterminate with (Ca — Cs) tending to zero as k tends to infinity. 

For comparison with experiment a face is regarded as the arc of a circle, 
and the non-uniformity of concentration along it observed by Bunn is 
neglected. Of course, it is implicit that central symmetry be preserved ; 
when faces of one crystal grow at different rates and are in contact with 
different concentrations there will be a redistribution of lines of flow round 
the crystal and the above equations will lose some of their validity. 

Experimental and Results 

Bunn's observation of different facial rates of growth in one crystal was 
confirmed, but it was found that certain faces did sometimes grow in accordance 
with the Nernst assumption. In these cases the distance y advanced by a face 
(made equivalent to a by a suitable numerical factor) obeyed (3) quantitatively 
for the case — c^, where was taken as the concentration ai the face centre. 
This indicated that the centre concentration, to be called c„^ hereafter, is the 
important one, and that Bunn’s distribution of concentration along the face is 
a “ fine structure ” effect of the growth mechanism and can be replaced by c^ 
when calculating rate of advance. 

Often, however, faces were found which grew at rates less than calculated under 
the Nernst assumption. In these cases the value of c^^ was not that corresponding 
to saturation but higher. This is qualitatively in accordance with (3) ; for, with 
a given c^ , it predicts an inverse correlation between ydy/dt and c^. The quanti- 
tative agreement was not good, because crystals with all four faces with the 
same rate of advance and concentration distribution were never encountered, 
and the distortion of the concentration field caused by differently behaving faces 
modified the concentration at each face. The other prediction, the time-depen- 
dence of by reason of the term ija in (4), would be falsified both by lack of 
central symmetry and by the only partially justified assumption of a stationary 
state, and was not observed. 

But these results, as far as they go, are of interest in their demonstration that 
the Nernst mode of growth is observed only with certain faces of a crystal 
bounded by faces all of the same type. Other faces appear to have a smaller 
value of the Berthoud constant h, and behave as if they were “ hindered " in 
some way. It is still possible that they obey the condition (i), but to test this 
rigorously it will be necessary to isolate one face from the others of the same 
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crystal, and also to confine the inflow to one dimension so that the true diffusion 
equation in 'be /Tit can be solved. 

Nevertheless, it will be convenient in the discussion to assume the truth of 
(i) and to say that the hindered faces have a smaller value of k than others. 
Faces did not always preserve the same k during an experiment. Sometimes 
it changed, and when this happened the change was observed to be sudden 
and discontinuous. The concentration at the face would suddenly rearrange 
itself to a new distribution. This points to a definite, abrupt event at the 
crystal surface and will have important bearing on any physical hypothesis 
put forward to interpret “ hindrance.'* 

The variation of concentration in the vicinity of a face was studied quanti- 
tatively, and both the concentration and its normal gradient g were expressed 
empirically in terms of x, the distance along the face from its centre, R the rate 
of advance of the face, and other observables. Neglecting distortion caused by 
adjacent faces having different behaviour, it was found that g could be expressed 
by the parabola : 

g - R{ ip/D) -f Iq - (p/m [I - • (5) 

where I is the half-length and q is an experimentally observed constant. Units 
and typical values were : 

R = 10“^ cm. /sec. (typical), 

I = 0*015 cm. (typical), 

L) — i-'j X 10"’ g./cm. sec., 
q — 1-62 X 10’ sec. /cm 2, 
p 2*5 g./cm.®. 

g was expressed in change of concentration per cm., where concentration is 
g. solute per 100 g. solution. 

If there is a lateral flow of solute along the face, as suggested by Berg, its 
value at any point can be derived from (5) as long as (a proviso pointed out by 
F. C. Frank) the diffusion of solvent down the gradient bc/bx is neglected. With 
the above figures the flow is such that at the face centre about 9 % of the intake 
from outside does not crystallize locally. For an estimate of the physical signi- 
ficance of this lateral flow the magnitude of the transport across unit area must 
be known. This requires knowledge of the thickness of the layer in which the 
flow takes place. The layer is not thick enough to cause any discontinuity in 
the interference fringes terminating at the crystal, but nev^ertheless the upper 
limit to the thickness is uncertain witliin wide hmits because refraction effects 
at the crystal edge prevented observation much closer than 10"* cm, from the 
face. Berg (loc. cit.) suggested that the layer might be a Volmer adsorbed phase. 
If the thickness is taken to be, say, 10“^ cm., on the assumption of a Volmer 
layer one molecule thick, the transport of solute across unit area works out at 
about 6000 times the diffusive transport in the outside solution. This indicates 
a very high coefficient of diffusion in the layer. 

Of course, a lower coefficient of diffusion is derived if a greater layer thickness 
is assumed, but it is difficult to find grounds for postulating a mobile layer many 
molecules thick. 

The absolute gradient, normal to lines of equal concentration, was found to be 
uniform along a face, and this fact can be used in conjunction with (5) to derive 
an expression for the concentration, c, as a function of x. This is : 


c ^c^ + lR 



p xyt\ 
a ' 


( 6 ) 


where a = 2^/3, and ^ = q —pID. 

Eqn. (6) represents a very large effect, as can be seen from the fact that the 
concentration difference between the face centre and the corners is about 1/4 
of the supersaturation of the solution far from the crystal. 

Some ;r-dependent property of the face is required to explain (6), anc^ if, as 
suggested by Frank, an intermediate layer between the face and the solution 
is not acceptable as a source of such a property, something must be put in its 
place. Bunn has favoured the existence of vicinal planes on a growing face as 
an explanation, but it is doubtful whether such a hypothesis can be found 
capable of dealing quantitatively with (6).* 
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The non-uniformity of concentration is observed whether or not hindrance 
is present, but the latter effect does modify (6) since both and R are affected 
by hindrance. The separate effect of hindrance can be extracted by the use of 
(3), and it can be shown that the rise of concentration during hindrance is rela- 
tively greater at the centre than at the corners. 

On three occasions the restart of growth of a completely inert face was observed, 
and it was seen that there was then a sudden fall of concentration at a single 
point, not at a corner, on the face. From this point the change of concentration 
spread rapidly to either side, until, after about two seconds, the usual Bunn 
distribution was re-established. 

Discussion 

Only one type of face, the (100), was investigated, and we have seen that 
this type, in NaClOg, is capable of growing at the maximum rate permitted 
by diffusive presentation of material (for the Nernst condition amounts to 
this). It would be interesting to investigate other types of face by this 
optical technique, in order to see what values of concentration are in contact 
with such faces. At first sight it is puzzling how less stable types of face 
could succeed in obtaining the additional supply of material necessary for 
their higher rates of advance. This might be achieved by dendritic growth 
in which a face, in broad terms, does not ‘ wait for * the presentation of 
solute by diffusion. Or it might be found, despite thermod5mamical objections, 
that less stable types of face have a lower solubility. 

Regarding the ‘ hindrance ' effect, there seems no doubt that this is caused 
by some process at the face itself. Previously the fact that simple (100)- 
bounded crystals rarely grow as perfect cubes has been ascribed to irregu- 
larities in the supply of material caused by imperfect stirring or by the 
presence of other crystals in the neighbourhood. Some more directly crystallo- 
graphic explanation is now necessary. The three salient facts are, firstly, 
the discontinuous change from one degree of hindrance to another, secondly, 
the long periods, i.e., during the deposition of many new crystal planes, of 
its operation, and thirdly the rise of contiguous concentration accompanying 
it. The blockage of the nucleation point by a foreign adsorption is adequate 
as an explanation of the rarer event of complete stoppage of growth. It is 
probable that the observation mentioned at the end of the previous section 
represented either the restart of nucleation after ejection of an impurity 
or the start of nucleation at some new point. But explanations of hindrance 
in terms of impurities are not satisfactory. If impurities are sufficiently 
common to cause the very general hindrance effect, how could some faces 
remain unhindered, as they do, for long periods ? Again, how could the 
impurity continue to have effect during the deposition of many new crystal 
planes ? 

The sudden changes point to some event, nevertheless, at the nucleation 
point ; neither the discontinuity of change nor the selection of certain faces 
is consistent with a non-localized change on the face, say, in its topography 
or in a Volmcr adsorbed phase. But no facile explanation comes to mind, 
and the effect must remain temporarily obscure and open to discussion. 

Turning to the non-uniformity of concentration and normal gradient 
along the face, the author favours the acceptance of an intermediate layer, 
perhaps a Volmer phase, with properties dependent on position on the face. 
Although a flow in such a layer has not, perhaps, been conclusively demon- 
strated, it is reasonable to postulate its existence. It could well arise by 
interaction between the layer and the advancing growth sheets of the face, 
and non-uniformity of density, or perhaps concentration, would be expected 
in it which would give rise to non-uniformity in the concentration of the 
external solution contiguous to it and to non-uniformity of intake from 
outside. If desired, part of the non-uniformity in the layer could be ascribed 
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to the existence of vicinal planes on the underlying surface. For Volmer 
has said that the surface free energy of the underlying surface would affect 
the density of his phase. But, as said in the previous section, it is unlikely 
that surface topography alone could account for the large contiguous 
non-uniformities observed. 

Birkbeck College, 

University of London. 


THE LINEAR VELOCITY OF POLYMORPHIC 
TRANSFORMATIONS 

By N. H. Hartshorne 

Received 315^ January, 1949 

In an earlier paper ^ on the transformation of a- to p-o-nitroaniline it 
was suggested that the linear rate of advance of the interface was determined 
by the difference between the rates of escape of molecules from the two 
crystal lattices, these rates being assumed to be the same, or at least to 
have the same dependence on temperature, as the rates of evaporation of 
the crystals into a vacuum. This picture, involving molecules travelling 
in both directions across the interface instead of only from the unstable 
to the stable lattice, seemed to be demanded by general kinetic considerations 
such as are applied to other types of phase boundaries. The suggestion 
of equality between the rates of escape and rates of evaporation into a 
vacuum arose from the fact that the apparent activation energy of the 
transformation (i.e., the value deduced from the slope of the graph of log 
rate against i/I ) was found to be of the same order as the internal 
latent heat of sublimation of the (3-form. 

In transformations studied later (yellow to red mercuric iodide, ^ monoclinic 
to rhombic sulphur ^), the apparent activation energy was found to be less 
than the heat of sublimation (though very much greater than the heat of 
fusion), suggesting that in these cases the energy required to surmount the 
potential barrier at the interface was less than that involved in evaporation 
into a free vapour space. (A more recent study of the sulphur trans- 
formation, to be described later in this paper, has cast doubt on this 
interpretation as far as this substance is concerned.) 

The form of the expression giving the rate of escape of molecules from a 
lattice will not be affected by the question as to whether the activation 
energy is equal to or less than the heat of sublimation. In either case the 
probability of a molecule acquiring this energy will be given to a close 
approximation by the simple exponential factor We can therefore 

proceed to derive a general expression for the linear rate on the basis of the 
above ideas as follows. 

Let it be assumed that there exists at the interface between the two 
lattices a thin transitional layer of the order of one molecule in thickness, 
composed of molecules of high energy in a state of disorder. Molqpules 
escape from each lattice into this layer as they acquire sufficient energy. 

^ Hartshorne, Walters and Williams, J. Chem. Soc., 1935, i86o. 

• Eade and Hartshorne, /. Chem, 1938, 1636. 

• Elias, Hartshorne and James, J. Chem. Soc., 1940, 588. 


150 


VELOCITY OF POLYMORPHIC TRANSFORMATIONS 


They then stand an equal chance of either returning to their parent lattice 
or of condensing on the opposite lattice, i.e., the probability that a molecule 
which breaks free from one crystal modification will contribute to the growth 
of the other is 

Consider first the transformation of an enantiotropic substance below 
the transition point. If Va is the rate of escape of molecules from the unstable 
form, and vp that from the stable form, both multiplied by the appropriate 
factor to convert them to linear rates of recession of the crystal surfaces, 
we have that F, the linear rate of advance of the interface, is given by 

V = - v^) 

= . . (i) 

where Ea and Ep are the activation energies of escape, and Aa and Ap are 
factors which depend on the vibration frequencies of the molecules in the 
crystals and which to a first approximation may be taken as independent 
of temperature. 

Now Ep = Ea + q, 

where q is the heat of transformation. Substituting for Ep in (i), we obtain 
F = ... (2) 

But at the transition point, 7"o, F = o. Therefore 


Aa - Ap e-^/«^ s 
or Ap = AaO^I^^^. 

Substituting for in (2), we obtain 

r)). . . . (3)* 

It is assumed that q, Ea, and Ep are independent of temperature. 

According to this equation, F passes through a maximum value, as is 
observed in practice. We may obtain a value for the temperature, Imax., 
at which the velocity has this maximum value by differentiating F with 
respect to T and equating to zero, whence 

= + + ... ( 4 ) 


Now if Ea approaches the value of the heat of sublimation, the ratio 
qlEa will, in general, be small, since the heats of transformation of polymorphs 
are usually small. Thus 


In 



Ea 


whence 



(5) 


Within this approximation, therefore, the interval between To and Tmax. 
increases as Ea decreases, and is practically independent of the value of q. 
Eqn. (3) may be put in the following logarithmic form : 


In F - In t)) = - + In . . (6) 

From this it is seen that the plot of the difference between In F and 
In ( I — e«^^o ) is a straight line with a slope of —EajR* In addition. 


♦ This expression in a slightly diherent form was first deduced by the author in 
19381 and in its present form in 1942. It has not previously been published because 
until recently there has seemed to be no trustworthy data covering a sufficiently wide 
range of temperature by which it could be tested. 
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inspection of the equation shows that the plot of In F against i/r, at 
temperatures below Txusa,, will have a slope which tends more and more 
nearly to —EalR as T decreases. For example, suppose that Ea = 22,500 cal., 
q = 730 cal., and To = 369° K, whence Tmax. (from (5)) is 354° K. The 
mean slope of the graph of In V against i/T then corresponds to the following 
E values (apparent activation energies) for the temperature ranges given: 
313 — 293° K, 19,400 cal. ; 293 — 273° K, 20,500 cal. ; 273 — 253® K, 
21,100 cal. These figures show that, provided that eqn. (3) is valid, 
the apparent activation energy for a temperature range sufficiently far 
below Tmax. (say, 50° or more) may be taken as an indication of the order 
of the true activation energy, Ea, for the process of transfer of molecules 
from the unstable to the stable lattice. This wiU also apply in general to 
the apparent activation energy in monotropic transformations, such as the 
a- to P" change in o-nitroaniline mentioned above, for in these cases the 
(theoretical) transition point lies above the melting point, and Tmax* also 
may be expected to be in this region. 

Eqn. (3) may be modified to apply to an enantiotropic transformation 
above the transition point simply by changing the sign of the quantity in 
the brackets, thus : 

i)_i) ... (7) 

The subscript a still refers to the form which is unstable below the transition 
point, now the stable form, and T is now greater than Tq. The equation 
corresponds to a continuous increase of the linear rate V' with rise of 
temperature. 

By expanding the exponential term imsidc the brackets in eqn. (3) and 
neglecting all but the first two terms of the expansion, we obtain 

= • • • ( 8 ) 

This approximation is a close one only if 



is a small fraction, i.e., if q is small and T is not too far below To. From 
the general thermodynamic relation G = H — T S, where G is the free 
energy, H the heat content, and S the entropy, it follows, since we have 
assumed that q (= —AH) is constant, that 



Substituting in (8) we obtain 

V = ... (9) 

This form of the velocity equation is interesting in bringing out the 
influence of the difference between the free energies of the two modifications 
as the driving force '' of the reaction. 

Equations similar to (8) and (9) have been derived independently by 
Akulov^ and by Laurent.® Akulov's argument is briefly as follows. He 
expresses the work done by a molecule in moving from one side of the inter- 
face to the other as yjvS, where 73 is the coefficient of the internal resistance 
(arising from the collisions suffered by the molecule in its passage through 
the boundary layer), v is the average velocity of the molecule, and S the 

^ Akulov, Compt. rend. U.R.S.S., 1941, 3a, 340 ; 1943, 39, 268. 

* Laurent, Rev. Mitall., 1945, 4a, 22. 



152 VELOCITY OF POLYMORPHIC TRANSFORMATIONS 


average path covered. This work is equated to the difference between the 
free energies of the molecule in its initial and final positions. Thus 



where q. To and T have the same significance as above. In addition, 
it is necessary that a molecule shall possess sufficient kinetic energy to 
surmount the potential barrier at the interface, and the probability of this 
is where E is the height of the barrier, or in the general case a certain 

function of this. The number of molecules crossing unit area of the interface 
in unit time, and therefore the linear rate, will be proportional to 

V e'^EIRT Qj. 

Y]o\ 1 o 

Laurent has used very similar arguments to those on which eqn. (3) is 
based, the main differences being that he expresses the activation energy 
in terms of quantum theory, the molecules in the lattice being assumed to 
behave as simple harmonic oscillators, and that, despite this refinement, 
he adopts the same approximation as we have used here to obtain eqn. (8) 
and (9). His equation may be put in the form — 

(—/S.G) ^ - E\ 

Linear rate = A - 

where A is a constant, 0 = the Einstein characteristic temperature, 

and E is the height of the potential barrier. Since 6 / 27 " is small compared 
with ’-EIRT, the exponential factor will be of the same order as 

TABLE I 


Temp. 

r c) 

Mean linear rate, 

V (mm. /hr.) 

Standard 

deviation 

iS) 

Coefficient of 
variation 
(S/F) 

0 

0*029 

0*007 

0*24 

10 

0*130 

0*032 

0*25 

20 

0*36* 

0*10 

0*28 

30 

0*86* 

0*27 

0*32 


0*94 

0*17 

o*i8 

40 

1*98* 

0'73 

0-37 

50 

3*60 

0*97 

0*27 

60 

5*i6 

1*47 

0*28 

70 

5-30 

1*56 

0*29 

80 

1*60 

0*60 

0*37 


♦ Results of Elias, Hartshorne and James. 


The author, with M. H. Roberts, has now completed measurements of 
the linear rate of transformation of monoclinic to rhombic sulphur over a 
sufficiently wide range of temperatures (o® to 80° C) for eqn. (3) to be tested. 
Polycrystalline films of monoclinic sulphur between glass surfaces, prepared 
under controlled conditions and o*o6 to o*i mm. thick, were maintained 
at constant temperature, and after the reaction had been started by inocula- 
ting the edge of the film with rhombic sulphur, the position of the interface 
was observed at fixed intervals of time by projecting an enlarged image 
of the film on to a grid drawn on a white screen. The time taken for the 
interface to traverse each rectangle of the grid (corresponding to an advance 
of 0*25 mm.) was noted, about 1200 such readings being taken at each 
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temperature. From these readings the average rate, standard deviation, 
and coefficient of variation were calculated. This is similar to the method 
used by EUas, Hartshome and James (loc. cit.), whose work, interrupted 
by the war, only covered the range 20® to 40° C. Somewhat different methods 
were used at 10® and o®, where the interface movement was too slow to be 
conveniently followed in this way. The work will be fully described 
elsewhere. 

The results, together with those of Elias, Hartshome and James, are 
given in Table I, and in Fig. i (curve a), log V is plotted against i/T, The 
short strokes above and below each point on the graph represent the standard 
deviation. The variance is considerable, but the means lie very nearly on 
a smooth curve, which shows a maximum at about 65® (To = 95*6®). It is 



Fig. I. — Results of Elias, Hartshome and James indicated by broken lines. 

particularly satisfactory that the earlier results, which were obtained with 
a different sample of sulphur and using a different apparatus, agree well 
with the later ones. It will also be seen that the coefficients of variation 
(Table I) remain fairly constant throughout the whole range, which may 
perhaps be taken to indicate that there is no essential change in the 
character of the reaction with change of temperature. 

The third column of Table II gives the values of log F — log \ i ~ e^vrc t) j 

(which we will now write as log ( — \ for brevity), taking q to be 730 

X J 

cal./mol. (Sg). This is the mean, to the nearest 10 cal. of Bronsted's value 
of 616 cal. at 0®, determined directly ® and that calculated by Neumann ^ 
for the transition temperature from measurements of the vapour pressures 
of the two modifications, namely, 840 cal. The change of q with temperature 

• Brdnsted, Z. physik. Chem., 1906, 55, 371. 

’ Neumann, Z. physik. i934. *7** 4^^' 
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represented by these figures agrees well with that calculated from heat 

capacity data.® In Fig. i, log ( - ^ ^ is shown plotted against ijT (curve b). 

The plot is not a straight line as demanded by eqn. (6), and at first sight the 
deviation from this requirement seenas very great, for the curve passes 
through a maximum. Similar deviations are found when the equations 
of Akulov and Laurent (above), put into the logarithmic form, are applied. 
It must be noted, however, that the value of (i — in the higher temperature 
range (70® to 80®) is extremely sensitive to small changes in x. An increase 
in X of only a few per cent, in this region is sufiicient to abolish the maximum 

in the curve completely since it sharply elevates the values of log ( 

On the other hand, a similar change in the lower temperature region has a 

comparatively small effect on the values of log and practically 

none on the slope of the curve. It is thus possible by making appropriate 


TABLE II 
q z= 730 cal./mol. 


Temp. 

(“C) 

{ x - x )* 



= 22,500 cal, /mol. 

926 - 6 = 1*05 

926 - 6 = J*io 

926 - 6 = 1*15 

0 

0-295 

~i-oro 

1-02 

i-ii 

I- 2 I 

10 

0-260 

—0-301 

0-98 

1-07 

I-16 

20 

0-227 

0 - 203 t 

1-04 

I-IO 

I-16 

30 

0-194 

0-644} 

1-08 

I-I 2 

I-16 



0-684 

1-07 

I-II 

I-I 5 

40 

0-162 

i-o86t 

1-08 

l-II 

1-14 

50 

0-131 

1-437 

1-09 

I-IO 

I-I 2 

60 

O-IOI 

1-708 

i-o8 

1-09 

I-IO 

70 

0-071 

1-871 

1-07 

1-07 

1-07 

80 

0-043 

1*571 

1-04 

1-04 

1-04 


I Results of Elias, Hartshorne and James. 


but quite minor adjustments to the value of x to convert curve b into a 
straight line. It has therefore seemed worth while to consider whether 
there is any factor, not taken into account in deriving eqn. (6), which would 
act so as to increase slightly the values of x, A possibility is suggested by 
the marked difference which is observed in the appearance of the interface 
under the microscope at the lower temperatures from that at temperatures 
around and above Tmax,. In the former case the advancing front of the 
rhombic phase is finely serrated, indicating that the particle size is small ; 
in the latter it consists of quite large crystals with well-developed faces. 
We may suppose that at the lowest temperatures the rhombic phase forms as 
a finely divided mass which does not recrystallize, or only very slowly. 
Rise of temperature wiU favour recrystallization, but up to the region of 
Tmax. this will be offset, as far as conditions at the actual interface are 
concerned, by the increase in the linear rate, which will act so that recrystal- 
lization will be effectively confined to the material in rear of the advancing 

^ Lewis and Randall, /. Amer. Chem. Soc,, 1914, 36, 2468, 
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front. Above Tmax., however, the linear rate progressively slackens and 
with rise of tenaperature conditions will become more and more favourable 
for the formation of large, well-ordered crystal planes at the interface 
itself. We may further suppose that owing to the fine state of division at 
temperatures up to Tmax., the rate of escape of molecules from the rhombic 
form into the transition layer will be greater than the normal value for 
large crystals because of increased surface energy, but that above I'max. 
the rate of escape will tend towards the normal value as the transition 
point. To, is approached. On this view, eqn. (i) becomes 

V = - 9 . 

where 9 is greater than unity and is approximately constant up to rmax.i 
and then decreases to become unity at To. From this we obtain the 
equation : 

In 


JF 

1 — 9% 


E A 
Rt + 2 


(10) 


Since, as stated above, small increases in x make very little difference 
to the slope of curve B at the low temperature end, we may use this part 
of the curve to obtain a value for £“«, and in this way we find that it lies 
between 22,000 and 23,000 cal./mol. Now the internal latent heat of 
sublimation of monoclinic sulphur as given by Neumann’s vapour pressure 
results (loc. cit.) is 22,500 cal./mol. to the nearest 100 cal. The slope of 
line c in Fig. i corresponds to this value. It thus appears that Ea is the 
same, or nearly the same, as the energy which the molecules must acquire 
to escape completely from the monoclinic lattice into a free vapour space. 
Taking it to be 22,500 cal., a\ e may test the applicability of eqn. (10). Bearing 
in mind the argument on which this equation is based, the problem is to see 
whether it is possible to find a value for 9, not much greater than unity, 
which is constant over the range from 0° to the region of Tmax.> and which 


gives a straight line plot of log 


against i/T with a slope corre- 


U — 9^/ 

spending to 22,500 cal. The method which has been adopted is to assume 
different values of 9 for a temperature of 25-5° which lies midway between 
0° and Tuiax. on the reciprocal scale, and then work out values for other 
temperatures on the assumption that the above linear relationship holds. 
The last three columns of Table II show the results obtained taking 9 at 
25-5° as 1*05, i-io and 1-15 respectively. It will be seen that up to 50° 
there is an upward trend in the first case, a downward one in the last, but 
that at 1*10 the values show no trend. (The variation from strict constancy 
may be attributed to errors in the value of F. If we reverse the calculation 
by assuming a constant value of i*io for 9, and work out the corresponding 
values of V, we obtain results which are very close to the experimental 
ones, and well inside the standard deviation limits for these.) From 60® 
onwards the 9 values decline in all cases. The requirements of the theory 
are thus satisfied by 9 = i*io, and this is a not improbable figure. 

The real meaning of the 9 factor is that the activation energy for the escape 
of molecules from the rhombic form is reduced below the normal value 
applicable to large crystals. Thus we may write : 


9 == , 

where Ep is this reduced activation energy. For 9 == i*io and = 23,230 
cal. = -f g), Ep has the mean value of 23,173 cal. for the range o® to 50®, 
which is only 57 cal., or 0*25 %, less than E^. This corresponds to an 
increase of 57 cal. in q as the temperature rises from 50® to To. In the 
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light of this we can say that the deviations of curve b from the requirements 
of (6), if expressed as percentage variations of are quite small. 

From eqn. (lo), the temperature-independent factor A a may be cal- 
culated* Taking Ea as 22,500 cal. and 9 in the lower temperature range 
as i-io, the value obtained is 2*o x mm./hr. or 0-56 X 10^^ cm./sec. 
This is greater than the speed of light. An even higher factor (10^* to 10^® 
cm./sec.) was obtained by Anderson and Mehl * from measurements of the 
hnear rate of recrystallization of cold-rolled aluminium. Burgers and 
N. F. Mott have suggested that this very high value indicates that some 
process which depends on temperature through an exponential factor 
g-£/Rr triggers the change of crystal form of a whole mosaic block without 
the intervention of any other thermally activated process, though Mott 
has also given an alternative explanation.^^ On the basis of this theory 
we may equate A^io B\/d, where v is the vibration frequency of the molecules, 
and d the average spacing between them, in the monoclinic crystal, and 
B is the number of molecules whose rearrangement is initiated by the thermal 
activation of one molecule. Taking v as lo^^ — 10^®, and d (from the density) 
as 6 X I0“® cm., B works out to the order of 10 The volume occupied 
by this number of molecules in monoclinic sulphur is about lO”^® cm.®, 
which is within the range of the usual estimates of the size of a mosaic block. 

In showing that the deviations of the experimental results from eqn. (6) 
can be accounted for by means of the 9 factor, it has not been forgotten 
that this equation was deduced on the assumption that A a, Ap, Ea, E,. 
and therefore q, were all independent of temperature, whereas at best this 
can only be an approximation. The increase of q with temperature given 
by the results of Brdnsted and Neumann, and calculated from the heat 
capacities recorded by Lewis and Randall (see above), is in fact greater 
than that corresponding to the introduction of the 9 factor, and this suggests 
that the deviations may be due to the approximations inherent in the 
equation rather than to changes in surface energy. We cannot, of course, 
consider this possibility solely on the basis of the thermodynamic variation 
of q, i.e., without regard to the temperature dependence of the other four 
* constants,' and unfortunately q appears to be the only one whose tem- 
perature dependence can be assessed with any certainty. It is, however, 
intended to look further into this question. It has also been suggested 
to the author by Prof. E. G. Cox that the average size of the mosaic blocks 
of the monoclinic phase may vary with temperature as a result of the way 
in which the films are prepared. This would result in corresponding changes 
in A a, if the Burgers-Mott trigger mechanism be accepted. 

Addendum. (Received I'^th May, 1949.) 

Since the above paper was presented, it has been pointed out to the 
author by Dr. W. J. Dunning that the temperature coefficient of the reaction 
can be accounted for on the basis of Volmer's equation for the linear rate of 
growth of a crystal from its vapour.^® Applied to a solid-solid reaction 
Dunning's treatment assumes that the transitional layer between the two 
lattices behaves as a true vapour (in which case it will have to be somewhat 
thicker than one molecule) and that the rate of advance of the interface 
depends not only on the supersaturation of the vapour with respect to the 
stable phase, but also on the probability of formation of two-dimensional 
nuclei on the completed surface planes of molecules of this phase. 

•Anderson and Mehl, Trans. Amer, Inst, Min, Met. Eng., 1945, Tech. Pub. No. 1805. 

Burgers, K. Ned. Ak. Wet., 1947, 50, 719. 

Mott, Proc, Physic, Soc., 1948, ^,391. 

Volmer, Kineiik der Phasenbildung, 1939, p. 174. 
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For this case Volmer's equation can be put in the simplified form : 

F = A:.e-^/«^.e-^'VRr .... (n) 

where E is the activation energy for the escape of molecules from the unstable 
lattice (i.e., the internal latent heat of sublimation), and A"' is that for the 
formation of two-dimensional nuclei. Now 

A"' (jiMp^NTo const. . 

Rf 2qdmT(To - f) “ f{T~^ f) ' * • 


where o) is a shape factor, M is the molecular weight, p the edge free energy, 
iV the Avogadro number, q the heat of transformation, d the density, S the 
spacing between lattice planes and the other symbols have the usual signi- 
ficance. Substituting for A^jET and taking logarithms, eqn. (11) becomes: 


InV = In K- 


E 

RT 


const. 


(13) 


Dunning finds that this equation fits the results given in Table I very well, 
when In a: ^ ^^' 77 > E == 20,200 cal., and the constant in the third term is 
3*5 X 10^. (K is of the same order of magnitude as the author’s A^, so that 
this treatment does not throw any light on the reason for the large pre- 
exponential factor.) 

This contribution to the problem is most interesting and important, and 
the possibility that surface nucleation is a rate-determining factor will 
receive serious consideration in future work carried out by the author on 
solid-solid transformations. For the present, however, the following objec- 
tions to the theory, at least in its present form, and as applied to the case 
•of sulphur, may be raised. 

(1) The marked difference, mentioned in the paper, between the surface 

pntour of the rhombic phase above and below Fmax. suggests strongly that 
if surface nucleation is necessaity at all, it is not equally so over the whole 
range of temperature; that is to say, the effect cannot be expressed 
by the simple factor defined above. At temperatures below 50° 

the advancing front exhibits numerous rounded promontories of the order 
of 10"^ cm. or less in diameter, and it is difficult to reconcile these with the 
Volmer picture of the successive laying down of extended plane layers of 
molecules. Possibly surface nucleation only becomes necessary at the 
higher temperatures, and if so, this could account for the negative deviations 
from eqn. (3) in this region. 

(2) R. S. Bradley has found from measurements of the rate of evaporation 
of single crystals of rhombic sulphur between 15'' and 32*5° C that the 
accommodation coefficient, i.e., the fraction of molecules which on striking 
the surface condense, is constant at 07. This could be interpreted as indi- 
cating that an activation energy of about 200 cal. is required for surface 
nucleation (by equating 07 to e“-^ 7 ^'^'), but this is very much less than the 
value calculated from eqn. (12) for this temperature range, viz., 700-1000 cal. 
Alternatively the deviation of the coefficient from unity may be due to an 
orientation requirement, i.e., that molecules approaching the surface must 
have orientations within a certain solid angle if they are to condense. 

(3) The value 3-5 x 10^ for the constant in the third term of eqn*. (13) 
coiresponds to an edge free energy (p) of 2*4 x 10“’ erg/cm. (taking co as 
27 r), from which the surface free energy may be calculated to be of the order 
of 4 ergs/cm.2. Bearing in mind that, according to the theory, the growing 
wface is supposed to be in contact with vapour, this value is far too small, 
the surface free energy of liquid sulphur just above the melting point is 


Private communication. 
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6o ergs/cm.* and that for the solid must be somewhat greater. If the p value 
corresponding to this is inserted in eqn. (13), the constant is increased by 
a factor of about 200, and the equation no longer fits the experiments 
results. 

(4) The picture of a fairly thick transitional layer of vapour between the 
two lattices introduces difficulties. Owing to the increase of density accom- 
panying the transformation, the vapour gap would progressively widen as 
the reaction proceeded, and it can be shown that this would result in a 
concomitant decline of the linear rate. Such a decline was in fact observed 
by the author with o-nitroaniline and mercuric iodide (loc. cit.) and the 
theory of a progressively widening gap was invoked to explain it. In the 
case of sulphur, however, the rate is constant at constant temperature. 
This is probably due to the fact that, as can be seen under the microscope, 
the shrinkage accompanying the transformation is continuously accommo- 
dated by the formation of short cracks at, or just behind, the interface. This 
shows that solid-solid contact is never completely lost. 

Against all this, however, must be set the fact that both by Dunning's 
and the author’s treatments the activation energy for escape of molecules 
comes out to be of the same order as the heat of .sublimation. Further, 
if the linear rate is calculated on the assumption that it is given by the 
difference between the rates of evaporation of the two forms (using the 


usual equation, v = r i*csult is of the order of 10 ^ to io~® of 

the observed rate, i.e., the discrepancy between theory and observation is 
much less than when, as in the paper, the temperature independent factor is 
expressed as the product of the vibration frequency and the lattice spacing. 

From the above discussion it is very evident that much remains to be 
discovered about the mechanism of solid-solid transformations. 


The author desires to thank the Council of the Chemical Society for a 
Research Grant in connection with the investigation of the sulphur trans- 
formation and to acknowledge his indebtedness to Mr. R. S. Bradley, with 
whom he has had much stimulating discussion of problems raised in this paper. 
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BOUNDARY MIGRATION AND GRAIN GROWTH* 

By Walter C. McCrone 
Received Sth February, 1949 

It has long been known that metals will show grain growth and that 
this growth involves a reorientation of metal atoms across grain boundaries 
in such a way that many grains disappear entirely. This movement of 

♦ Contribution of Armour Research Foundation of Illinois Institute of Technology. 






a h 

Fig. I. — TNT (lurinj» boundary migration at So" (' ia after i min. ; b after 4 min.) 

( \ 100) cru.ssetl Nieols. 



a b 

Fig. 2. -DDT showing secondary crystallization due to boundary migration [h is an 
enlargement ( x 100) of part of «). (x 40) crossed Nicols. 
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grain boundaries led to the term boundary migration ^ which will be 
used here as a sjmonym for grain growth. 

In 1929 Tammann * published data showing that certain compounds 
(camphor, pinene hydrochloride and ice) show a behaviour very similar 
to that observed in metals. In 1946 Buerger and Washken ^ showed that 
some minerals (e.g., anhydrite, fluorite, periclase and corundum) when 
compressed and heated to temperatures well below the melting point would 
also show boundary migration similar to metals. In 1949 the study of 
octachloropropane was suggested ^ as a means of studying boundary 
migration in metals. 

During the past several years a number of organic compoimds quite 
dissimilar to octachloropropane in lattice properties have been shown to 
exhibit boundary migration. For example, Kofler ® reported in 1941 that 
an organic compound, TNT, shows a somewhat similar behaviour in that 
crystals once formed undergo a further recrystallization in the solid phase 
so that one crystal grows into and through its neighbour (Fig. i). DDT 
has been reported ® and several other organic compounds (unreported) 
have been observed to show similar behaviour (Fig. 2). In each of these 
cases and in contrast with the metals, camphor, fluorite, octachloropropane, 
etc., it is apparent that these materials show boundary migration in which 
direction is dependent on the orientation of the crystal lattice within the 
grains. 

Metals, octachloropropane, camphor, pinene hydrochloride, ice, fluorite, 
anhydrite, etc., show migration of one crystal into another in such a way 
that the orientation of the lattice cannot be an important factor. On 
the other hand, boundary migration by TNT, DDT, Vitamin K, etc., is 
definitely dependent on orientation of the crystals. The crystals will grow 
in a direction which can be predicted for a given compound from the known 
relative orientations. 

Two different types of boundary migration are therefore recognized. The 
two types will be described throughout as the DDT type, in which orientation 
controls the direction of boundary migration ; and the octachloropropane 
type, in which orientation has little or no effect on the direction of boundary 
migration. 

The DDT type of boundary migration is of particular interest since as 
stated above the direction of growth is dependent on lattice orientation. 
Any theory covering the mechanism of boundary migration must take into 
account, for crystals of this type, the effect of difference in orientation of the 
two lattices in contact. DDT, for example, grows in su^ a way that the 
(001) face will penetrate either the (100) or (010) planes of adjacent crystals. 
If, on the other hand, crystals of this type are aligned parallel to each other 
no growth will occur. Maximum growth will occur, therefore, when crystals 
elongated parallel to c intersect at 90° angles (Fig. 2). 

TNT shows a very similar behaviour although it does not grow as rapidly 
during boundary migration. It does, however, grow in much the same 
manner and in such a way that the direction of migration can always be 
predicted from the orientation of the crystals. In this case the (010) face 
will always grow into the (001) and (100) faces (Fig. i). 

During the past 20 or 30 years there has been considerable discussion 
regarding the possible mechanism by which boundary migration occurs. 

1 Carpenter and Elam, J. Inst, Metals, 1920, 24, 123. 

* Tammann, Z. anorg. Chem., 1929, 182, 289. 

* Buerger and Washken, Amer. Miner., 1947, 32, 296. 

* McCrone, J. Appl. Physics, 1949, 20 (Feb.). 

* Kofler, Z. physik, Chem. A, 1941, 188, 201. 

* McCrone, Anal. Chem., 1948, 20, *2 74. 
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Most of this discussion has been on boundary migration of the octachloro- 
propane type and most of it has concerned metals. Marker and Parker ’ 
have advanced the argument that grain shape governs the extent and 
direction of boundary migration. This results in movement of the grain 
boundaries in such a way that straight boundaries meet at angles of 120°. 
By this criterion little or no grain growth should occur when these conditions 
are satisfied. The effect of lattice deformation on boundary migration is 
not discussed by them, although presumably it would at least affect the 
angles between grain boundaries. Most other investigators have assumed 
that strain energy, due to cold-working and resultant plastic deformation, 
is the driving force. 

Two hypothetical questions can be posed as a result of irreconciliation of 
these two ideas — 

1. Can grain growth occur in a sample whose grains meet throughout at 
120° angles with straight boundaries but in which the grains possess residual 
strain energy ? 

2. Can grain growth occur in a sample whose grains show curved boundaries 
and many angles not equal to 120° but in which the grains are strain-free ? 

Unfortunately the first of these questions cannot be answered in an un- 
equivocal fashion. A close approximation to a final answer to the second 
can, however, be obtained. This is done by comparing the rate of growth 
in two samples : one with, and the other as nearly as possible without, strain. 
Experimental data to answer this question are presented below. 

A broader problem, however, and one of great interest and importance is 
to find a more definite relation between boundary migration in metals and 
in the octachloropropane type of organic compound. It is obvious on 
examination of photomicrographs showing boundary migration in systems of 
these two kinds that in superficial appearance there is no difference between 
the two cases. There is a striking similarity between growth in metals and 
in octachloropropane and the resulting structures are amazingly similar in 
appearance before, during and after boundary migration. Furthermore, 
octachloropropane and other organic compounds of this type show a final 
structure which agrees entirely with the ideas presented by Marker and 
Parker.*^ Octachloropropane, for example, during annealing changes 
progressively toward an ultimate appearance in which all grain boundaries 
are straight and meet only at angles of 120° (Fig. 3). 

An additional effort has been made to relate boundary migration of 
octachloropropane to that of metals. This is being done by studying the 
rate of growth at different temperatures and comparing these data with 
corresponding data for metals systems. Unfortunately little data of the latter 
type are available and it appears very difficult to accumulate large amounts 
of such data because of the experimental difficulties. It is possible, on the 
other band, to follow boundary migration in organic compounds during 
annealing of a thin transparent section using polarized light under controlled 
temperature conditions and to obtain a complete curve with as many experi- 
mental points as desirable in a few hours. 

Some data taken in this way are summarized in Table I. These data 
were obtained by the following procedures. 

Expt. 1-4 : A small quantity (5-10 mg.) of octachloropropane (purified by 
sublimation to a melting point of C) was melted between a cover glass and 
slide. The fused preparation was quenched quickly to room temperature by 
placing it cover-glass side down on a metal block. This preparation was then 
placed in a previously heated hot-stage set at the desired temperature. About 
10 sec. was required for the slide to become heated and from 30-60 sec. to find 


’ Harker and Parker, Trans. Amer. Soc. Metals, 1945. 34, 156. 







Fig. 3. — Bourulary migration in octachloropropane, the numbers refer to the same 
crystal as it appears at successive times, (x 100) crossed Nicols. 
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TABLE I 


Isothermal Time-rate Data for Octachloropropane 




Expt. 

1 : 136® C 



Time 

Log Time 

Rate 

Log Rate 

Diam. 

Log Diam, 

(min.) 


(micron) 

5 

0*70 

0*010 

8*00-10 

115 

2*06 

6 

0*78 

0*007 

7-85-10 

117 

2*07 

7 

0*85 

0*006 

7*78—10 

130 

2*11 

lO 

1*00 

0*005 

7*70-10 

146 

2*16 

13 

1*15 

0*004 

7*60-10 

153 

2*18 

i6 

1*20 

0*004 

7*60-10 

196 

2*29 

22 

1*34 

0*004 

7*60—10 

207 

2*32 

27 

1*43 

0*004 

7 * 6 o-io 

221 

2-34 

32 

1*51 

0*004 

7 * 6 o-io 

261 

2*42 

41 

i*6i 

0*003 

7*48-10 

249 

2*40 

54 

1*73 

0*003 

7*48-10 

290 

2*46 

64 

l*8i 

0*003 

0 

7 

00 

344 

2*54 




Expt. 2 : 

123° c 



I 

0*00 

— 

— 

210 

2*32 

2 

0*30 

— 

— 

228 

2*36 

3 

0*48 

— 

— 

230 

2*36 

5 

0*60 

0*0022 

7 * 34-10 

236 

2*37 

7 

0*85 

— 

— 

238 

2*38 

10 

1*00 

0*0016 

7*20-10 

239 

2*38 

15 

1*17 

0*0015 

7*18-10 

247 

2*39 

28 

1*45 

0*0011 

7*04-10 

263 

2*42 

45 

1-65 

0*0010 

7*00—10 

278 

2*44 

80 

1*90 

0*0009 

6 * 95-10 

314 

2*50 

[40 

2*15 

o*ooo8 

6*90-10 

377 

2*58 




Expt. 3 : 

115° c 



1 

0*00 

0*0008 

6*90-10 

160 

2*20 

30 

1*48 

0*0007 

6*85-10 

192 

2*28 

60 

1*78 

0*00055 

6*74-10 

198 

2*30 

120 

2*o8 

0*00035 

6*54-10 

232 

2*37 

180 

2*26 

0*00025 

6*40-10 

234 

2*37 

240 

2*38 

0*00020 

6*30—10 

257 

2*41 

300 

2*48 

0*00020 

6*30-10 

258 

2*41 




E^qjt. 4 : 

103° C 



1 

0*00 

0*00056 

6*75-10 

193 

2*29 

10 

1*00 

0*00033 

6*52-10 

199 

2*30 

20 

1*30 

0*00022 

6*34-10 

204 

2*31 

1040 

3*02 

0*00013 

5*11-10 

241 

2*38 

1485 

3*18 

0*00013 

5*11-10 

265 

2*42 

2100 

3*32 

0*00013 

5*11-10 

258 

2 41 

3390 

3*53 

0*00013 

"" 5*n-io 

283 

2*45 
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TABLE I — (Continued) 
Expt. 5 : 136® C 


Time 

Log Time 

Rate 

Log Rate 

Diam. 

Log Diam. 

(min.) 



(micron) 

I 

0*00 

0*015 

8*i8-io 

59 

1*77 

1-5 

0'i8 

0*013 

8*11-10 

67 

1*83 

2-5 

0-40 

0*010 

8*10-10 

78 

1*89 

4-5 

0-65 

0*0065 

7*81-10 

115 

2 *06 

5*5 

0-74 

0*0055 

7 * 74-10 

127 

2*10 

7*5 

0-88 

0*0050 

7*70-10 

134 

2*13 

10 

1*00 

0*0038 

7-58-10 

143 

2*16 

15 

i*i 8 

0*0038 

7-58-10 

151 

2*18 

27 

1-43 

0*0038 

7-58-10 

209 

2*32 

40 

i* 6 o 

0*0038 

7*58-10 

261 

2*42 

60 

1*78 

0*0038 

7-58-10 

330 

2*52 

90 

1-95 

0*0038 

7*58-10 

356 

2-55 

120 

2«o8 

0*0038 

7*58-10 

435 

2*64 

140 

2*15 

0*0038 

7*58-10 

638 

2*80 

160 

2*20 

0*0038 

7*58-10 

770 

2*89 



Expt. 6 : 

159" c 



4 

o* 6 o 

0*006 

7*78-10 

185 

2*27 

9 

0*95 

o*oo 6 

7*78-10 

188 

2*27 

13 

1*11 

0*006 

7*78-10 

204 

2*31 

18 

1*26 

o*oo 6 

7*78-10 

231 

2*36 

23 

1*36 

0*006 

7*78-10 

287 

2*46 



Expt. 7 : 

145° C 



I 

0*00 

0*0008 

6*90-10 

171 

2*23 

40 

i* 6 o 

0*0008 

6*90-10 

203 

2*31 


an appropriate field of view. In all experiments zero time indicates the time at 
which the preparation was placed in the hot-stage. Most of the readings were 
started at M == i min. 

A carefully calibrated Kofler hot-stage was used wdth a Sola constant voltage 
transformer. The temperature data are accurate to dzi*^ C and accurately 
represent the temperature of the field under observation. The data were taken 
by means of photomicrography using a Leica with a Speed -O-Copy attachment. 
The 35 mm. negatives were enlarged to a convenient magnification and the 
average grain size was determined by measuring the intersections of grain 
boundaries on a linear scale during a number of regularly spaced linear traverses 
of the entire field (Fig. 3). 

Expt 5 : A small quantity (3-10 mg.) of octachloropropane (purified as above) 
was placed between a slide and cover-glass and subjected to 500 psi pressure. 
This preparation was then placed in a previously heated hot-stage as for Expt. 1--4. 

Expt. 6 and 7 : In these two experiments 5-10 mg. of octachloropropane was 
melted in the usual way between a slide and cover-glass. The preparation was 
then, however, placed immediately in the previously heated hot-stage so that the 
temperature of the preparation at no time fell below 145° C (Expt. 7) or 159° C 
(Expt. 6). 

The average diameters were then deternuned in the same manner as described 
above. Fig. 4 shows these average diameters as a function of time for each 
experiment. These data were then smoothed from these curves and rate of growth 
data were calculated from the slopes of these smoothed curves. Fig. 5 shows 
log rate against log time for each experiment. Fig. 6 shows log rate against 
temperature with a vertical line for each experiment covering the time variable. 
The actual data points fall on the vertical lines with increasing time downward. 
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Fig. 6. — Rate-temperature curves for grain growth in octachloropropane. 


Discussion 


Fig. 4 shows that the slope of the rate curve plotted against time is 
constant after an initial period and that the slope increases with increasing 
temperature. The equations for the linear portions are : 


136° c : 

D == 3*2M + 130 

123° C : 

D = i*iAf + 230 

115“ C : 

D = 0-28M -f 189 

103° C : 

D == 0'02gM + 205 


(1) 

( 2 ) 

(3) 

(4) 


where D is the average grain diameter in microns and M is the time in 
minutes. The constant in each relation is, of course, fortuitous and depends 
only on the grain size of the original preparation. 

These equations are equivalent to the expression given by Beck ® : 

D = K(tg + 

where K is the slope and A the imaginary time required for the grains to 
grow by boundary migration to an average size D at tg. In either case, 
however, the question is whether K is independent of A or, in the other case, 
whether S is independent of A, the intercept on the grain diameter ordinate. 
The fact that the slope is a linear function of temperature (shown below) as 
well as the fact that the D against time curves are also linear is strong evidence 
for the belief that AD /AM is independent of initial grain size. 

A plot of the log slope against temperature is also very nearly linear and 
follows the relation, 

log S = 0*063 T + (2-I0-I0), . . • (5) 

where S is the slope, AD/ AT, and T is the temperature in ® C. 

These relations show that boundary migration in metals is closely related 
to the same phenomenon in octachloropropane. 


• Beck, /. Appl. Physics, 1948, 19, 507. 
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Fig. 4 also shows that two different preparations, one strained thermally 
(Expt. i) and a second strained mechanically (Expt. 5), show little difference 
in rate of increase of grain diameter as a function of time. This may have 
been coincidental in that the amount of strain induced by these two means 
may have been nearly equal. 

The two Expt. 6 and 7 made on nearly unstrained crystals show that 
these two preparations grew at rates far below those predicted by eqn. {5) 
on the basis of Expt 1-5. 

It is believed that the growth which occurred in Expt. 6 and 7 is partly 
the result of residual strain and partly of the tendency of the grains to form 
straight boundaries meeting at 120® angles. Since the interboundary 
angles for the preparations used in Expt. 6 and 7 are no nearer 120° than 
those used in Expt. 1-5, the decreased growth in Expt. 6 and 7 must be due 
to lack of lattice strain. In other words, lattice strain must be the most 
important factor causing boundary migration in octachloropropane. 

TABLE IT 

Comparison of Observed and Calculated Slopes 


Expt. 

Temperature | 

Slope 

Observed 

Calculated 

7 

M 

0 

0 

0*8 


18 

6 

159'' c 

7-2 


126 


Fig. 5 shows the smoothed rate data plotted in log form as a function of 
log time. These curves illustrate again that the rate is higher in the early 
stage of annealing and decreases quickly to a constant value. The constant 
rate is, of course, reached more rapidly the higher the temperature. These 
curves show again that Expt. 6 and 7, at 159° C and 145° C respectively, 
are lower than would be expected from an extrapolation of rates in Expt. 1-5. 
This figure shows the separate curves for Expt. i and 5 which were combined 
by smoothing in Fig. 4. 

These data show that boundary migration in octachloropropane is very 
similar mathematically to boundary migration in metals. It is suggested 
that the mechanism by which boundary migration occurs in lattices of these 
two types is therefore similar and that boundary migration in metals can 
be studied to great advantage using the much simpler technique involved in 
studying octachloropropane. 

As a result of the above work on octachloropropane it was decided to 
attempt to determine the effect of lattice strain on boundary migration in 
compounds of the DDT type. Unfortunately DDT itself could not be used 
since the crystal habit changes drastically with temperature of crystalliza- 
tion. However, TNT can be crystallized as broad rods over a wide tempera- 
ture range. Accordingly an attempt was made to determine the effect of 
thermally induced lattice strain on boundary migration in TNT. First a 
small sample (5-10 mg.) of TNT was melted and cooled to about ^0° C 
before crystall£:ation. This preparation was then placed in an already 
heated hot-stage at 78® C and observed for a period of 40 min. During this 
time the crystals grew into adjacent crystals a distance of 0*5 mm. Fig. i 
shows two photomicrographs in this series, one taken at the end of i min., 
the second at the end of 4 min. 
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A second preparation of TNT was then melted and placed in the hot-stage 
at 8o° C before crystallization occurred. On seeding, crystals of TNT were 
made to grow slowly into contact at right-angles. Observation of this 
and similar preparations over a period of 6o min. showed no sign of boundary 
migration. The conclusion from this information is that boundary migration 
in TNT and presumably in DDT and other compounds of this type is entirely 
due to lattice strain. 

Conclusion. — ^Boundary migration in the octachloropropane and DDT 
types of crystal lattice is similar in the sense that lattice strain due either to 
cold working or temperature changes seems to be the principal motivating 
influence. The two differ, however, in two respects : (i) relative orientations 
of the neighbouring crystals are important for the DDT type and have little or 
no effect on compounds of the octachloropropane t3^e ; (ii) grain shape is 
important in controlling grain growth in compounds of the octachloro- 
propane type and not important in compounds of the DDT type. 

This dependence of boundary migration in crystals of the DDT type on 
relative orientation of the two crystals is more difficult to explain. This, 
however, has been resolved by the thought that all compounds of the 
octachloropropane type possess crystal lattices which are either cubic or, 
at least approximately plastically isotropic. On the other hand, crystals 
of the DDT type which show boundary migration are highly anisotropic 
compounds and must be elastically anisotropic. In other words, when 
crystals of this type, such as DDT, are subjected to pressure or to large 
temperature changes the resulting strain must be distributed anisotropically 
throughout the lattice and in such a way that the crystals grow most readily 
parallel to one definite direction, depending on the anisotropy of elasticity 
for that lattice. 
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CRYSTAL GROWTH AT HIGH TEMPERATURES 
By S. Zerfoss, L. R. Johnson and P. H. Egli 
Received i?>th March, 1949 

Large single crystals can be grown from water solution, e.g., of K-alum 
or NH4H2PO4, near room temperature because of ready solubility of the 
salts in water and their large temperature coefficient of solubility. For many 
other materials which possess low solubility in water or other solvents, some 
other technique involving higher temperatures must be used. The selection 
of the ideal growth technique depends naturally on the properties of the 
substance, particularly its melting point, the stability of its melt, and the 
possible occurrences of lower temperature inversions. Although single-crystal 
^owth can be effected from melts of polynary composition, the most 
successful growth to date has been achieved with mono-mineralic melts. 
When a substance exhibits pol5nnorphism, as quartz or nephelite, where the 
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desirable phases are not in equilibrium with the melt, the crystal must be 
grown from a binary or ternary melt, e.g., the ternary system Na20~Si02~H20 
in the case of quartz and the system LiF-Na20~Al203-Si02 in the case of 
nephelite. Similar subterfuges are available for growth of other polymorphous 
substances ; for example, the water-insoluble Hglg (red form) can be grown 
successfully from a solution of K2Hgl4 saturated with Hgig by lowering the 
temperature of the solution. 

The growth of crystals from anhydrous melts or vapours can be accom- 
plished in a variety of ways providing the substance melts congruently and 
has no lower temperature inversions : 

(1) The Moving Crucible Technique. A crucible containing the melt 
is slowly lowered through a fixed thermal gradient.^ 2 s 

(2) The Stationary Crucible Technique.^ A crucible containing the 
melt is cooled in a slowly changing thermal gradient. This variation of (i) 
was used successfully by Stober,® Stockbarger * and Phelps.® It does not 
appear to have any advantage over (i). 

(3) The Kyropoulos Technique.^ A crystal seed is lowered into the 
melt and then slowly withdrawn through a gradient provided by cooling the 
seed. This technique has been used to grow crystals up to 30 cm. diam. 
(NaCl). It might have special advantages for those crystals that show one 
strong directional-growth tendency. 

(4) Eutectic Melt Growth Technique.® ♦ Through the use of fluxes 
a low-temperature phase may be induced to appear on the liquidus of the 
phase diagram and hence make growth of the phase possible, e.g., nephelite 
from a LiF--NaAlSi04 melt, whereas growth from a mono-mineralic melt of 
the same phase would yield the undesired high-temperature modification, 
camegieite. By cooling a melt, of which the desired substance is the primary 
phase, the res^tant solid would consist of crystals of the primary phase in 
an eutectic matrix. Winkler ® has discussed the relationship between the 
degree of supercooling and the size and number of the nephelite crystals. 
The difficulties of obtaining large single crystals by this technique appear 
enormous because of inability to prevent multiple nucleation. 

(5) The Verneuil Technique.^® Melting is accomplished by passing 
the powdered substance through one tube of an oxyhydrogen torch into the 
flame. The molten material is collected on a refractory rod and by suitable 
manipulation is converted into a single crystal. 


^Bridgman, Proc. Amer. Acad. Arts Sci., 1925, 60 , 305. 

* Stockbarger, OSRD Report, No. 4690 (1944). Rev. Sci. Instr., 1936, 7, 133. J. Opt. 

Soc. Amer,, 1937, *7i 4^^- I'^str,, 1939, 10 , 205. 

* Tuttle and Egli, J. Chem. Physics, 1946, 14 , 571. 

* Strong, Physic. Rev., 1930, 36, 663. 

* Stdber, Z. Krist., 1923-4, 61 , 299. 

® Phelps, Chem. Eng. News, 1948, 26, 2453. 

’ Kyropoulos, Z. anorg. Chem., 1926, 154 , 308. See also B.I.O.S. Final Report 
No. 468, No. 21, 22. 

® Winkler, Amer. Miner., 1947. 3*. ; Heidelberger Beitr&ge zur Miner, u 

Petrographic, 1947, i, 86. 

* Matthias, Physic. Rev., 1948, 73 , 808. ^ 

*0 Verneuil, Compt. rend., 1902, 135 , 791. Ann. Chim. Phys., 1904, 3 , 20. 


• Small single crystals of BaTiOg have been grown • by a similar operation (using an 
excess of BaClg, etc.) although the phase relatio^hips are not known. Such “ mineral- 
ization " is standard practice for the recrystallization of high-melting, slightly soluble 
materials. 
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(6 ) Growth from the Vapour Phase, (a) " Chemical reaction ” in the 
gaseous state is carried out in a suitable thermal gradient, e.g., Cd vapour + 
H2S 3delds CdS (greenockite) + H^.^^ 

(b) Volatilization of a pure substance and condensation in a gradient into 
single crystals, e.g., Se, This technique is undeveloped but has been 
used to produce small crystals (up to 5 x 5 X 10 mm.) for a v^ety of 
substances. The difficulties of the technique lie in the impossibilities of 
setting a gradient of the proper character in a gas stream and providing a 
suitable heat sink for deposition of single-crystal material from a super- 
saturated gas. The Crystal Section has extended Frerichs' work in producing 
cr5rstals of CdS having small amounts of luminescent-active additives. 

TABLE I 


Name 

Composition 

Size Boule 
Available ♦ (in.) 

Source ♦♦ 

Halide 

NaCl 

8 

C 


NaBr 

I 

L (NRL) 

Villiaumite 

NaF 

li 

L (NRL) 

Sylvite . , 

KCl 

8 

C 


(K,Rb) Cl 

i 

L (NRL) 


KBr 

8 

C 


KI 

li 

L (NRL) 


LiF 

8 

C 

Nantockite 

CuCl 


L (NRL) 

Cerargyrite 

AgCl 

5 

C 

Bromyrite 

AgBr 

3 

L (NRL) 


TlCl 

3 

L (ERDL) (NRL) 


TlBr 

3 

L (ERDL) (NRL) 

KRS 6 

T 1 (Cl,Br) 

3 

L (ERDL) (NRL) 

KRS 5 

T 1 (Br,I) 

5 

L (ERDL) (NRL) 

Fluorite 

CaFa 

6 

L 


BaFa 

4 

L 


MnFa 

? 

L 


PbCla 

•i 

L (NRL) 


PbBfa 

i 

L (NRL) 


Pbla 

li 

L (NRL) 


Cdia 

li 

L (NRL) 

Scheelite 

CaW04 

i 

CL (NRL) 


ZnW04 

i 

CL (NRL) 


CdW04 

i 

L (NRL) 


NaNOa 

i 

L (NRL) 


NaNOa 

3 

L 


Asia 

i 

L (NRL) 


♦ Size available — diameter of cylindrical boules of 2 in.~4 in. length. 
Abbreviations : C — Commercially produced. 

L — Academic laboratories. 

(NRL) — Crystal Section, Naval Research Laboratory. 

(ERDL) — Engineer Research and Development Laboratory, 
Ft. Belvoir. 


The Crystal Section of the Naval Research Laboratory has been using 
techniques ((i), moving crucible), ((5), Vemeuil) and ((6), vapour growth) to 
produce a variety of small single crystals for research purposes (see Table I). 
In this paper an attempt will be made to correlate the various factors 
mfluencing growth. Table I is a summary list of crystals grown by various 
industrial and academic laboratories based on information available to us. 
Of the six techniques, only (i), (2) and (5) are in current industrial use for 

Frerichs, Physic, Rev,, 1947, 72, 594. 
i*Vasko, Sklarske rozhledy, 1946, 6-7, 98. 
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the mass production of single crystals. The other techniques have been little 
used because of inherent difficulties in control of single-ciystal growth but 
are potential techniques for unexplored materials. 

If none of the melt techniques is suitable because of the existence of lower 
temperature inversions in a substance, there is a method of last resort — 
that of growth imder hydrothermal conditions — ^in the presence of water 
at elevated temperatures and pressures in a closed system. Despite theoretical 
and experimental difficulties much attention is being paid to this technique 
but it is outside the scope of this report. 

Experimental 

Technique No. 1. By far the most popular technique is that of moving a 
crucible through a fixed gradient.* It is capable of producing much larger 
crystals because of the ease of gradient control. A cylindrical crucible with a 
cone-shaped tip containing the melt is slowly lowered from some temperature 
above the liquidus temperature down through the fixed gradient of the furnace. 

Presumably, when the tip of the crucible reaches the liquidus temperature, 
the small volume of the tip favours the incidence and development of one nucleus 
at the expense of all others and thereafter conditions are so maintained that 
this initial crystal will grow vertically and assume the shape of the crucible. 
For this purpose ideal conditions obtain when the isotherms are horizontal. 
Their distribution of spacing will characterize the gradient. Naturally, the 
control of the gradient, speed of lowering and the purity and composition of the 
crystal are important factors. If adequate controls are not imposed, several 
nuclei will be competing for the material from the freezing liquid thereby yielding 
a poly crystalline boule. 

The Conditions of Crystallization. The conditions for producing a single 
crystal, though dominated by the purity of the charge, depend upon the rate 
at which heat is withdrawn from the melt. The heat sink is provided in two 
ways— the thermal gradient and the speed at which the crucible passes through 
the gradient. Too small a gradient or too rapid lowering of the crucible favour 
the growth of many nuclei leading to polycry stalhne boules. The gradients 
available for growth are limited by furnace design and by the temperature of 
operation. Numerous unsuccessful attempts have been made to systematize 
these data and reduce them to an equation. The difficulties lie in the inability 
to specify the exact conditions for obtaining single crystalhnity. 

The furnace used in technique No. i has been described. It consists of an 
upper and lower section separately wound and controlled. The gradient along 
the furnace length can be modified by adjusting the heat input into the separate 
sections. By supplying heat to the upper section only, one obtains a temperature 
distribution with the high point near the bottom of the upper section and a 
sharp gradient. This gradient can be reduced by supplying heat to the lower 
section. It can be intensified by the use of a baffle between the two furnace 
s^tions. The baffle is a thin, flat annulus of metal or ceramic material, the inner 
diameter of wffiich is large enough to permit passage of the crucible. Typical 
data on the effect of the baffle are given as follows : 

NRL furnace 6-1948, 28 in. high, inner tube diameter = 4 in. 

Temp, at 14 in. level = 464° C. 

Thermal gradient at 14 in. level with baffle = 74°/in. 

without baffle = 44® /in. 

The question of whether or not the baffle has any particular efficacy in favouring 
single-crystal growth over the plain furnace has not been settled since it involves 
the question of the optimum gradient. Any of the crystals mentioned can be 
grown without a baffle, and we can report no detectable improvement fipm the 
use of a baffle. 


* This gradient is somewhat modified by the change of position of the crucible during 
lowering but this factor is probably small, provided the heat capacity of the crystal is 
small compared to that of the whole system. 

F* 
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It is apparent from our experience that the diameter of the muffle does not 
play a role in the gradient providing it exceeds the crucible diameter by a factor 
of 1*5. The isotherms within the crucible for this condition are flat as shown by 
the freezing surface of the single-crystal part of several incompletely crystallized 
boules. This temperature control can be accomplished by any of a variety of 
constant- temperature regulators, but we have found the use of a constant- 
voltage transformer (saturable-reactor t3rpe) sufficient to maintain the temperature 
± 1*0° C in the range 3oo°-iooo® C for crucibles up to i J in. diam. For larger 
crucibles more elaborate controls are required (± 0*2*^ C). 

Typical gradients used for successful growth in our laboratory are as follows : 


Melting Point ° C 
AgCl 
TlCl 
KI 
NaF 


Gradient ® C/in. 
55 
45 
64 

45 


Expt. No. 
NRL 20-6 
NRL 22-6 
NRL 1 14-7 
NRL 63-1 


In our experience gradients larger than 75° C/in. can be used if available. 
The lower limit for successful growth of medium-sized crystals is 35° C/in. The 
higher temperature runs operate under higher gradients because of normal 
furnace design. 

The lowering of the crucible is accomplished by a gear assemblage attached 
to the support rod and operated by a constant-speed motor. The effect of the 
speed of lowering is related to the gradient since both perform the same heat-sink 
operation on the melt but the relationship is not a simple one and has not been 
worked out. For medium-sized crucibles (up to i J in. diam.) a speed of 0’i2 in. /hr. 
or 0*32 cm. /hr. is optimum. Slower speeds are not detrimental providing tempera- 
ture control is adequate. 

The stability of the furnace assemblage, i.e., the amount of vibration suffered 
by the crystal during growth, is apparently not significant. In fact, some vibration 
may be essential to the prevention of extreme supercooling with subsequent 
multiple crystallization. To test the effect of excessive vibration, crystals of 
AgCl were grown with a buzzer attached loosely to the support rod. Satisfactory 
single crystals resulted in two runs. 

The shape of the crucible commonly used by the various investigators is a 
cylinder with a 6o°-i35° conical tip. However, there appears to be nothing 
critical about the angle of the conical tip. Successful single crystals | in. to i J in. 
diam. of AgCl, TlCl, and TlBr were grown in flat-bottomed crucibles at lowering 
speeds of o-i2 in./hr. in a gradient of 45® C/in. 

The choice of crucible material depends on the nature of the crystal to be 
grown, its chemical reaction with the crucible, and the temperature of operation. 
The following crucible materials have been used in our laboratory or reported in 
the literature. 


Typical Crucible Materials 


Crystal 


Crucible 

Material 


Alkali halides 
Lead halides 
Thallous halides 
Silver halides 
Divalent tungstates 
Fluorite 


Platinum * 
Silica glass 
Pyrex glass 
Pyrex glass 
Platinum ♦♦♦ 
Carbon 


Remarks 

Some adherence 
Sealed crucible 
Little adherence 
Some adherence ♦* 


• Strong used an iron crucible for alkali halides (in an H* atmosphere).^ 

♦* It is known that AgCl or other silver salts react with alkali glasses exchanging 
Ag for Na ions at the surface. AgCl adheres strongly to such altered glasses. 

Considerable difficulty was experienced in preparing leak-free crucibles 
for these temperatures. 


Temperature, Its Measurement and Control in Science and Industry, Amer. Inst« 
Physics (Reinhold, N.Y., 1941). 
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As far as temperature stability goes, Pyrex glass is suitable up to 500® C, silica 
glass can be used up to 1100® C and platinum is suitable up to its melting point. 
Most single crystals can be grown in open crucibles in air. Some exceptions are 
easily oxidized substances like the lead halides. Fluorite is reported to hydrolyze 
in air during growth. 

In the case oi the glass crucibles the support rod is an extension of the tip of 
the crucible. The metal crucibles are supported on metal cone supports. The 
removal of the crystal from the crucible has been done by inverting the crucible 
immediately after crystallization is complete and raising the temperature rapidly 
above the liquidus whereupon a thin layer of the crystal melts and the crystal 
drops out of the crucible. For medium-sized crucibles with proper annealing of 
the crystal, this is not necessary. The crystal can be removed by cracking the 
crucible ; in fact, the crucible is usually fractured during annealing. 

The Charge. The factor of purity of the initial charge is a complex and im- 
portant one since it probably dominates all other factors in determining the final 
single crystallinity of the boule. An impurity in the charge is foreign both to the 
composition of the melt and to the lattice of the crystal. It is usually insoluble 
in the crystal and hence does not favour single-crystal growth but leads to 
multiple crystals and cloudy boules. For example, TlCl is completely soluble 
in TlBr in the melt and crystal, and good single crystals of solid solutions can 
be had. However, the presence of more than o*i % TlCl in AgCl (in which it is 
sparingly soluble) yields cloudy poly crystalline boules. Hence, in the latter 
case it is a definite impurity. In fact, a melt containing 0*5 % TlCl in AgCl 
can be converted to a poor single crystal containing less than o*i %, the remainder 
having been rejected during growth. 

Generally speaking, the usual c.p. chemicals are not suitable. For each 
chemical a purification scheme must be worked out to provide sufficient purity 
for the growth technique, and in some cases additional purification must be 
carried out to satisfy more rigid specifications for a particular material. However, 
it is slowly being recognized, for crystals grown from the melt or from water 
solution, that extreme purity is not always desirable and often leads to poor 
growth. 

The degi’ee of perfection of many ciy^stals can be improved through the use 
of small amounts of additives, e.g., Pb‘*’+ in NaCl or T 1 + in KI. No correlation 
can be made between the chemical nature of the additive and its effectiveness in 
improving crystal (Quality beyond the statement that most effective additives 
are large, easily polarizable cations. The difficulties in obtaining a single-crystal 
boule of a variety of materials vary with the chemical nature of the material, 
in a manner as yet not determined. For example, rather extreme controls are 
required, on matters of purity, etc., for such materials as PbClg and CaWOi, 
while on the other extreme AgCl can be converted into single-crystal material 
under almost any conditions. 

On the basis of general phase-rule considerations, the crystallization of a solid 
solution by the melt technique should yield a fractionated boule with the tip 
material richer in the higher melting component. For normal, solid -solution 
behaviour one might predict that a homogeneous, solid-solution single crystal 
could not be grown. For example, a crystal (2 in. X J in. diam.) grown from a melt 
of AgCl and NaCl (NRL-13-X) the top of the boule analyzed 76 mol-% AgCl 
while the tip of the boule analyzed 72 % AgCl. A similar situation obtained 
during the growth of solid solutions in the system KCl-KBr (in this latter the 
fractionation was detected by refractive index measurements rather than 
chemical analysis). The sohd solution 42 mol-% TlBr-58 mol-% Til may show 
some fractionation during growth. McFee has given quantitative data on the 
self-purification of impure crystals of NaCl during growth. 

Technique No. 5 . The available crucible materials limit the crucible-melt 
technique to temperatures below 1700® C. Crucibles are available for iiigher 
temperatures but they are readily attacked by the various melts and hence 
usually unsuitable. 

In 1891 a Swiss worker, Vemeuil, developed a method for growth of crystals 


McFee, /. Chem. Physics, 1947, 15, 856, 



172 


THE GROWTH OF QUARTZ CRYSTALS 


of highly refractory materials by fusing the material in the flame of an oxygen- 
hydrogen torch. In this process, fine powder is introduced into the oxygen tube 
of the burner. As the powder enters the flame it is melted and is collected on a 
refractory rod. By suitable manipulation this melted material can be caused 
to grow into a single crystal. Initially the powder is allowed to accumulate as a 
cone of semi-melted material on the support and then the tip of this cone is 
melted by adjusting the gases, and the flow of powder is increased. If this initial 
melting operation is carried out under proper control, a single crystal results 
which may be extended by smooth addition of more material as the rod is 
lowered. Some operators use oriented seeds attached to the rod as the original 
material to which additional material is added through the flame. 

The published literature on the details of this process is quite scanty. The 
successful growth operation depends upon the skill of the operator in manipulating 
the flame and feed and in initiating the single-crystal tip. Further growth 
proceeds continuously as the feed material melts and is assimilated into the 
growing crystal. The purity of the starting material must be quite high. The 
same concepts apply to the question of purity in this material as in the melt- 
crucible growth. For example, in the growth of sapphire boules the AlaOs is 
prepared by calcining a twice-recrystallized ammonium alum. The growing 
crystal purifies itself by “ scumming-off impurities to the liquid surface of the 
boule. If the feed material is too impure, this scum covers the surface, and 
growth is interrupted.^® 

In the past, the crystals grown by this technique have been limited to corundum 
(sapphire), corundum coloured by small amounts of other oxides (ruby, 
alexandrite, etc.) and a spinel solid .solution (MgAl^O* -f excess AlgOs). In the 
past year, several new crystals have been added of which we can list : 

(1) Rutile.^® This crystal, grown up to 75 carats, emerges from the furnace 
as a black, oxygen-deficient boule which can be bleached in O2 into a clear, 
light-yellow material with rather unusual optical and electrical properties. 

(2) ScHEEHTE — CaWO.^’ This material (of interest as the light emitter in 

scintillation counters) has been grown up to J in. diam. with little difficulty. 

Crystal Section, 

Naval Research Laboratory, 

Washington, D,C, 

Moore, Jr., private communication, 1948. 

Titanium Division, National Lead Co., Sci, Newsletter^ Oct. 1947. 

Linde Air Products Corp., Chem. Eng. News, 1949, 27, 48. 

Zerfoss, Johnson and Imber, Physic. Rev., 1949, 75, 320. 


SOME ASPECTS OF THE GROWTH OF QUARTZ CRYSTALS* 
By a. C. Swinnerton, G. E. Owen and J. F. Corwin 
Received 25th February, 1949 

The aspects of laboratory quartz research discussed in this paper are three- 
fold. (i) Quantitative growth results and observations related to growth 
experiments are presented. Growth was obtained in dilute alkali halide 

* The results and interpretations presented here are derived from work supported 
on contract between Antioch College and the U.S. Army Signal Corps through its 
Signal Corps Engineering Laboratories at Fort Monmouth, New Jersey. The senior 
author is Professor of Geology at Antioch College ; from 1943 to 1946 he was associated 
with the U.S. Army Signal Corps in the research and development activities related 
to quartz oscillator units. In late 1945 he participated in the interrogation of German 
scientists, among them Rickard Nacken, who had worked in the search for alternatives 
to natural quartz. Dr. Owen is Professor of Physics and Dr. Corwin is Associate 
Professor of Chemistry, both at Antioch College. 
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solutions at 400® C with a nominal zero thermal gradient, utilizing vitreous 
silica as source material and crystalline seed plates. (2) In supplementary 
experiments designed to investigate the nature of the solutions in the critical 
state apparatus was developed to record automatically the impedances 
of the liquid and vapour phases as they approach and pass into the super- 
critical state. The current results of these investigations are described 
since the impedance technique gives promise of having both practical and 
theoretical value. (3) Finally, certain tentative, theoretical interpretations 
regarding the nature of the SiOg-HgO-metal ion relationships, based in part 
on X-ray analysis, are outlined. This paper is in the nature of a progress 
report of work which is continuing. It represents data and conclusions 
as of approximately ist February, 1949. 

Growth in Alkali Halide Solutions 

The selection of the alkali halide solutions as the solvents in laboratory 
quartz experiments resulted from a survey of the analyses of the liquid 
inclusions in natural quartz. Na and Cl were found to be the commonest 
components reported. Early results in this project gave growth when fused 
silica, rather than quartz, was used as source material ; fused silica has been 
consistently, although not exclusively, used for this purpose. Seed plates 
are natural quartz, either AT-cut oscillator blanks or plates cut parallel 
to the minor rhombohedral face, approximately 0-5 x o*6 x 0*030 in. in 
size and weighing close to 0*400 g. 

The autoclave equipment consists of several 250 ml. bombs made by the 
Parr Instrument Company from stainless steels 347 and 316. Some 
difficulty has been experienced in obtaining steel free from defects. The 
interior of the bomb is a cylindrical cavity 3I in. deep by 2J in. in diameter. 
The centre of the lid has a small eyelet for suspending the seed plate. Just 
off centre a thermowell tube extends | in. into the cavity. Accessory equip- 
ment includes a junction block above the lid with a blow-out safety disc, 
a needle valve outlet and a tubing connection to a 0-10,000 psi Bourdon- 
type gauge. The closure gasket is copper. 

The heater is a vertical insulated cylinder with two Calrod units coiled 
one above the other ; each is controlled by its own variable transformer. 
Thus the heat is supplied through the walls of the autoclave rather than 
at the bottom. Temperature control is supplied by Leeds and Northrup 
proportioning controllers through mechanical relays. Temperature observa- 
tions are recorded automatically from two thermocouples, one placed in 
the thermowell in the lid and the second inserted in a copper block insulated 
from the furnace wall but supporting the bottom of the autoclave. The 
thermal gradient in the autoclave is controlled in two ways : (i) the input 
to the lower and upper heating coils may be varied by adjusting the variable 
transformers ; (2) the radiation from the upper surface can be varied by 
piling on, or removing, loose insulation. 

An operating temperature of 400° C was selected for the reasons that it 
was sufficiently above the critical temperature to ensure the existence of the 
supercritical state within the autoclaves and for all degrees of filling under 
65 % was within the safe limits of the equipment. The thermal gradient, 
although controlled closely, is probably not less than C, or more than 
5 ° C, warmer at the bottom than at the top. * * 

Several concentrations of sodium chloride and several degrees of filling 
or charge ** were systematically explored in series. In the first series 
the solutions were neutral,'' i.e., the NaCl was dissolved in distilled water 
of pH ranging around 6. At least two experiments were done for each 
set of conditions. The single figures in Table I represent the averages of 
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consistent results. Forty-eight hours at temperature was the standard 
nominal period. 

TABLE I 

Average % Increase in Weight of Seed Plate. 

Sodium Chloride pH 6-7. 48 hr. at 400° C, 0° 

Thermal Gradient. Average Weight of Seed 
Plate 0*400 g. 


% 

Charge 

N/40 

N/30 

N/20 

N/io 

N/2 

N 

50 

2 

3-5 

2*5 

2*5 

2 

-40 

40 1 

1*5 

2 

1*5 

2 

-3 

~I3 

30 1 

3 

3 

2 

4*5 

3 

4 

20 


5 

1 

10 


7 


A second scries of experiments was undertaken in which the initial pH 
of the solution was adjusted to 10 zL ^*5 by the addition of a few drops of 
concentrated NaOH. A slightly different range of concentrations was used 
for the second series. Otherwise the conditions of experimentation shown 
in Table II are the same as those shown in Table I. The contrast in results 
between the two Tables indicates the effectiveness of the increased 
alkalinity. In every case the terminal pH had a value in the range of 7 to 5. 

TABLE II 

Average % Increase in Weight of Seed Plate. 

NaCl Adjusted to pH 10 with NaOH 48 hr. 

AT 400° C, 0° Thermal Gradient. Average 
Weight of Seed Plate 0*400 g. 


% Charge 

: N/40 

I N/io 

N/2 

3N/4 

N 

50 

1 120 


4 

-76 

— 10 

40 

5 

' 5 

3*5 

-36 

-13 

30 

4 

10 

! 8 

0 

6 

20 

1 7 

12 

25 

10 

10 


Following the discovery of the high-yield region at N/40 and 50 % charge, 
exploration of concentrations down to N/200 and as high as 60 % showed less 
growth than with N/40, 50 %. 

Experiments using KCl, KBr and NaBr, N/40 and 50 '% charge, yielded 
growth. Only the NaBr experiments indicated results comparable to 
NaCl. 

TABLE IV 

TABLE III 

Growth in Solutions other than 
NaCl N/40, 50 % Charge, Other 
Conditions as in Table II 

Solution Growth % 

KCl 66 

NaBr ; 103 

KBr I 5*8 


Effect of Amount of Fused Silica 
Source Material (Vitreosil). Other 
Conditions as in Table II 


Grams of 
Source 

Growth % 

0*65 

52*4 

1*35 

8o*7 

1*80 

ni*o 

2*6o 

129*0 

2*65 

132*0 

15*1 

140*0 

i6»i 

109*0 


The relation of amount of source material (fused silica) to growth on a 
seed plate of given size shows a saturation phenomenon. Small amounts of 
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source yield small growth. But source material in excess of 2*6 g. shows 
little or no more growth on the seed plate than when 2*6 g. of fused silica is 
used as a source. 

The source residue of the first run (0*65 g.) showed in X-ray analysis to be 
entirely quartz, whereas the residues from the last two (15*1 and i6-t g.) 
showed some cristobalite present with quartz. 

The relation of amount of growth to length of time represents a confused 
picture. Experiments continued in excess of 48 hr. tend to give less growth 
than those of the two-day period. 


TABLE V 

Length of Time. Conc. N/40, 50 % Charge, pH 10, 0° Thermal Gradient 0*400 g. 

Seed Plates 


Solution I Time (hr.) | Growth % | Remarks 


NaCl 

48 

' 120 

Average of several runs 

NaCl 

7 ^ 

25 

Average of several runs 

KCl 

24 

I 63*5 

One run with leakage 

KCl 

48 

1 66 

Average of two runs 

KCl 

96 

73-9 

Average of two runs 

KBr 

48 

; 58-2 

Average of two runs 

KBr 

96 

1 58-4 

Average of two runs 


A striking characteristic of the process is the contrast between the initial 
alkalinity, adjusted in several series of experiments to a nominal pH 10, 
and the terminal pH which invariably shows less alkalinity and may even 
be on the acid side. The factors causing the variability in the terminal 
pH have not been identified with certainty. It does not bear a direct 
relationship either to time or to amount of growth. Devitrification of the 
fused silica source is pronounced and is another characteristic of the process. 
The fused material becomes either granular quartz or a mixture of quartz 
and cristobalite. It has not been possible to observe if the change in 
alkalinity is related to the devitrification. 

Attempts have been made to counteract both changes. To maintain 
alkalinity, buffered solutions have been tried. Injection of alkali and 
manual regeneration of the solutions have been attempted. None of these 
has given substantial success as yet. The devitrification of fused silica led 
to the experimentation with other solutions and with other source materials. 
This phase of the investigation is still in progress. 

In summary it should be pointed out that the method pursued here is 
dependent on the difference in solubilities of the solid forms of silica, 
particularly fused silica, and quartz. It is distinctly different from the 
techniques which utilize large thermal gradients and circulation from an 
under-saturated source zone to a supersaturated locus of crystallization. 
The phase-solubility transfer method yields rapid growth of good quality 
but is limited by a time factor which is associated with decreasing alkalinity 
and devitrification of fused silica source material. 

Impedance Studies 

The introduction of an insulated electrical lead into the internal cavity 
of a stainless steel bomb has made it possible to observe certain changes 
in the liquid and vapour phases with temperature. The electrical lead is 
an airplane-type spark plug furnished by the AC Spark Plug Division of 
General Motors Corp. It consists of an electrode centred in a core of fused 
AlgOj. The core in turn is gasketed with copper in a threaded metal jacket 
which screws into the bomb. Another copper gasket is used to seal the 
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plug to the bomb. The outer end of the electrode is provided with a screw 
connector for one wire. The circuit is completed by a second wire attached 
to the wall of the bomb. 

Best results have been obtained in a special 5 in. long 18 ml. tubular 
stainless steel bomb. One end is solid ; a spark plug serves as the closure 
for the other end. The bomb is heated in a furnace which can be inverted 
so that readings may be taken alternately in the liquid and vapour phases. 
This method is preferred at present to the use of a two-plug bomb because the 
incidence of leakage is less with one plug than with two, and because there 
is no question of variation in impedance due to the presence of two plugs. 



Fig. I. — N/40 NaCl 40 %. Scale 100 ohms. 


A voltage regulated signal generator supplies a 1 KC current’to the spark 
plug circuit. The impedance is compared with a known value in a branch 
circuit. This voltage is rectified and, after suitable amplification, is applied 
to a potentiometer-type recorder of the kind ordinarily used for thermo- 
couple temperature records. The ordinary temperature scale on the paper 
chart can be calibrated by substituting known resistances in place of the 
bomb. The instrumental and recording arrangement yields printed records 
of impedance and bomb-wall temperature on the same time chart. 

Investigations are in progress to discover the basic patterns of various 
concentrations of NaCl and other alkali halides, with and without the 
alkalinity adjusted, with and without silica present, in several degrees of 
filling. Enough consistent data have been secured to permit certain 
comments and conclusions. 
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(1) The technique is successful in showing changes in the impedance-related 
properties of both the liquid and gas phases of the solutions so far used> 
as they approach and enter the supercritical state. 

(2) The records of the top phase of the bomb clearly distinguish between 
different degrees of filling. The variations in bottom readings are small 
with differences in filling. 

(3) So far variations in alkalinity have not been identified. 

(4) The presence of silica has shown distinctive but anomalous behaviour, 
not subject to repetition in detail, but predictable as to general character. 
In particular, the impedance of the top phase seems to be lowered by the 
presence of silica. 

The nature of the patterns obtained is shown in Fig. i and 2. Fig. i is 
the tracing of a chart of temperature and impedance for a 40 % charge of 


\Tcp Impedance. 




T^mptraXurt. 




I" 


\ 


— • Bottom Impedance 


I 

• f — . 

\i 

\ 

\ — 
I 
\ 


^ Time m hours 

4^00 5^00 fi^oo it^oo lejoo iijoo* io{oo_ 

Fig. 2. — N/40 NaCl 40 %. Scale 100 ohms. 

N/40 NaCl. The record begins at the right with a rapidly rising tempera- 
ture curve. The high impedance of the top electrode (vapour phase) appears 
at the upper right . The nature of the apparatus is such that the scale as 
used for this record places 100 ohms near the top ; very high values are not 
distinguishable. Below 100 ohms the scale is reasonably linear. When the 
temperature reaches 375° ± 1° the top impedance drops abruptly and levels 
off at 55 ohms as the temperature levels off at 400® C. The break in the 
record indicates that the furnace and bomb were inverted. The bottom 
impedance drops abruptly and then curves downwards, apparently approach- 
ing a firm value. The reading which the first (right-hand) down curve thus 
approaches assymptotically is 35 ohms. When the furnace and bomb ♦are 
reinyerted, so that the electrode measures top impedance, the break is sharp, 
the impedance returning to its previous value. 

Fig. 2 shows the same conditions except that the record begins with the 
electrode at the bottom (liquid phase). The times when the furnace and bomb 
were inverted are apparent from the impedance shifts. The curves show 
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the response of impedance to temperature changes particularly at the 
bottom position. It also shows the abrupt break in top impedance when the 
cooling temperature curve passes through 375° C. The remarkable contrast 
in the variation of top impedance with charge and the absence of variation 
of bottom impedance with charge is shown in Table VI. 


TABLE VI 

Impedance ( Z ) Variation with Bomb Charge 
N/40 NaCl at 400° C. Volume of Bomb 18 ml. 


Charge (ml.) 

Bottom Z 
(ohms) 

Top Z (ohms) 

8 

35 

55 

6*4 

35 

80 

6*0 

♦ 

120 

5*4 

38 

235 

5*0 

36 

330 

4*0 

♦ 

1000 


♦ In these records the downward curve was not 
permitted to continue to the point where a satis- 
factory reading could subsequently be made ; in 
both cases the number can be said certainly to be 
less than 50 and probably less than 40. 


The consistency of readings is shown by Table VII in which are tabulated 
the impedance readings for several 40 % charges of N/40 NaCl. 

TABLE VII 


Impedance Characteristics of 40 % Charge, N/40 NaCl 


Minimum Z (ohms) 

Temp. Min. Z 

Bottom Z 400® C 

Top 400® C 

25 ! 

308" C 

33 

54 

25 ; 

320 

33 

! 51 

29 j 

340 

35 

50 

27 

336 

35 

58 

28 1 

312 

38 

57 


Measurements made with bombs from which air has been evacuated 
give curves which are very similar to those already described. Since the 
bombs were not designed to be evacuated the numerical results obtained 
are not precise enough for direct comparison. The same is true of experi- 
ments made with water with no sodium chloride, from which the air has been 
removed. The difference between top and bottom impedances remains 
and the general forms of the curves are similar. 

Space does not permit discussion of the implications of the data in regard 
to the nature of the critical state. The possible applications to the observa- 
tions and control of quartz growth appear promising. But much more 
work must be done before that step can be taken. 

Chemical Theory 

In addition to the several series of growth experiments and the impedance 
studies, investigations have been made for the express purpose of establishing 
a h3q)othetical interpretation of the growth process. These include : (i) 
several 250 ml. autoclave runs using buffered solutions either as the growth 
medium or as the alkalizing agent ; (2) 250 ml. autoclave trials of several 
different source materials ; (3) X-ray examinations of the residual source 
materials and of the residual solutions after evaporation to diyness. 
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A siunmary of the pertinent facts follows : (i) the maximum growth 
occurs with fused silica in 48 hr. or less followed by cessation of growth and 
in some cases by resolution ; (2) a decrease in the alkalinity shows a depletion 
in the available OH" ion even when buffered solutions are used; (3) fused silica 
as source material gives excellent growth but devitrilies, becoming either 
quartz or a mixture of quartz and cristobalite ; (4) quartz used as source does 
not transfer quartz to the seed plate, chalcedony promotes very slight 
growth, natural cristobalite yields a moderate increase in seed plate weight ; 
(5) quartz, chalcedony and cristobalite remain unchanged, i.e., do not show 
modification like the change of fused silica to quartz and cristobalite ; (6) the 
solution residuals when analyzed by X-ray indicate the presence of NaCl 
(in the NaCl experiments) together with non-crystalline silica. 

The conclusions, which must be regarded as tentative, are not readily 
summarized and require more elaboration and explanation than space 
permits. In general it can be said that : 

(1) The growth which occurs when fused silica and cristobalite are used 
as source material, together with the small or negative results with quartz 
and chalcedony, emphasizes the conclusion that the process is essentially 
based on the solubility differences of the several forms of silica. This state- 
ment is consistent with the generally accepted values of the vapour pressure 
of the several forms. Both solubilities and vapour pressures reflect the 
internal energies of the several forms. 

(2) The solution of silica in dilute NaCl, pH 10 (NaOH) is probably not 
simple solution in the sense of the dispersal of SiOg ions in the solvent. 
Disintegrative reaction is involved, more likely a series of such reactions, in 
which Na silicates are formed. Silicon tetrafluoride is a gas at ordinary 
temperatures. Arguing from the similarity in size and weight of OH and F, 
it seems possible that Si(OH)4, particularly at high temperature, may be a 
gas ; likewise for Si04 ions. These solution-reaction products are assumed 
to be less stable in the presence of quartz than in the presence of fused silica. 
Growth on the seed plate should return OH” ions to the solution, maintaining 
the alkalinity. The process of growth, moreover, should leave some residual 
silicates in the solution. This residual does not appear in the X-ray data 
as crystalline silicates but as amorphous silica. 

(3) The solution of the fused silica source is considered as occurring by 
the replacement one at a time of the oxygen atoms on the apexes of the silica 
tetrahedra by OH and ONa groups, thus breaking the bonds to the adjacent 
tetrahedra. During this process the alkalinity is depleted because of 
distribution of OH groups over the increasing surfaces. It is possible that 
this process also brings about the devitrification of the fused silica by giving 
opportunity for any vague structural nuclei of cristobalite and quartz in the 
fused silica to orient and complete their structures. 

Although the tentative nature of these conclusions should be repeatedly 
emphasized, several lines of investigation are clearly suggested, (i) 
Devitrification of fused silica must be regulated or inhibited either by 
solutions or other operating conditions which discourage it. This answer 
is probably not easy. As an alternative to a direct answer, suspended fused 
silica might be injected into the autoclave to renew the source supply. 
(2) Source material which does not suffer modification can be sought. Cristo- 
balite gives some promise and is currently under investigation. (3) The 
alkaline level may need to be maintained by injection \o keep the transfer 
active. 

General Conclusions 

The process of quartz ^owth by differential phase solubility gives rapid 
growth of excellent quality at temperatures above the critical point. Its 
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limitation is the cessation of growth after a short period. The stoppage 
is related apparently to a series of complex silicate solution reactions which 
result in diminished alkalinity and devitrification of vitreous source material. 
The impedance studies show promise as a means of developing a technique 
for observing and controlling the progress of the reactions. Since the 
quality of product is good and the process is rapid, investigations are continu- 
ing in an effort to overcome the limitations. 

Antioch College, 

Yellow Springs^ Ohio, 


THE ROLE OF DIFFUSION POTENTIALS IN THE GROWTH OF 

IONIC CRYSTALS 

By a. R. Ubbelohde 
Received 2gth April, 1949 

The object of this paper is to draw attention to certain electrical effects 
which appear to be significant for the growth of crystals. Experimental 
study of these effects is still in too early a stage to permit a fully connected 
account of all the phenomena. Nevertheless some discussion of the role 
of electrical effects in the growth of ionic and polar crystals is desirable in 
reviewing the field of crystal growth as a whole. 

Diffusion Potentials in the Neighbourhood of Ionic Crystals ► 
— The different mobilities in solution of the positive and negative ions 
which go to form an ionic crystal must normally lead to the establishment 
of diffusion potentials in the neighbourhood of the crystals. Such diffusion 
potentials can have a notable effect on the migration of the ions. The 
following cases are selected to illustrate some of the various possibilities 
which can arise. 

(a) Diffusion Potentials due to Concentration Gradients in the 
Solution in the Neighbourhood of the Crystal. — It follows from the 
Nemst argument that any concentration gradient dc/dv in solution is accom- 
panied by a potential gradient dEjdx in the solution if the ionic mobilities 
17 + and differ. When a solution of a pure ionic crystal is considered 
with ions of equal valency He, the well-known expression is obtained for the 
potential gradient : 

dE _ _ m+ - U- \ RT ^ ^ ^ 
dx w+ + t 7 ~/ cFne dx 

Such a potential gradient in the body of the solution can be substantially 
modified by the presence of foreign ions whose valency and ionic mobility 
are very different from ng and C 7 + or f/’”. Three types of ionic impurity 
may be quoted which may be expected to have a substantial effect in 
modifying concentration gradient potentials in solution, and which may in 
consequence modify crystal growth. 

(i) The H+ ion when the anion is common, and to a less degree the 
OH“ when the cation is common. ^ 

(ii) Ions of high valency as an impurity in a solution of ions of low 
valency. 

(iii) Colloids capable of acting as ions with very low mobility. 


1 cf. Abegg and Bose, Z , physik . Chern ,, 1899, 30, 545. 
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Before an assessment can be made of the role of such impurities in 
modifying crystal growth by modif5dng concentration gradient potentials, 
it would be of value to have an experimental technique which would reveal 
the equipotential surfaces around an ionic crystal growing in solution. 
Such a technique does not seem to be available at present. But studies 
of the effects of the deliberate addition of impurities such as (i), (ii) or (iii) 
may be useful in indicating the kind of distribution over a plane face, and 
around edges and corners of a growing crystal. 

Alterations of the viscosity of the solution would also modify the con- 
centration gradient potentials around a crystal, by affecting the values of 
C7+ and U~, Probably this effect is subsidiary in aqueous solutions until 
the change in ionic mobilities is substantial. 

(b) The Potential Gradient Across the Interface Between the 
Latitce and the Solution. — Even under conditions where growth rates 
are negligible, and concentration gradient potentials in the bulk of the 
solution can be neglected, a potential difference should normally persist 
across the interface between the crystal and the solution. For example, 
such potential differences should persist in saturated solution in equilibrium 
with a crystal surface. 

Unequivocal theoretical calculations of the magnitude of this potential 
difference do not appear to be available.^ The various physical factors 
contributing to this potential difference have not been fully elucidated, 
but its origin can be grasped by considering an ionic crystal in equilibrium 
with its very dilute vapour in vacuo. The steady state is somewhat more 
complicated for an ionic crystal than for a homopolar crystal in equilibrium 
with a monatomic vapour, owing to the fact that the work done against 
the crystal lattice forces on removing isolated positive ions is usually not 
quite the same as the work done in removing isolated negative ions, on 
account of differences in the polarizabilities and van der Waals' attractions. 
A potential difference between the interior of the solid and the vapour 
must be built up till the rate of vaporization of the two ions becomes equal. 
The way in which this potential difference is established need not be 
particularized here. One process would be a displacement of the ions near 
the surface of the crystal from their normal equdibrium positions. 

A similar potential difference may normally be expected for crystals in 
contact with solution. Although the calculation of the magnitude of this 
potential difference in solution is not finally solved, it is important to 
consider how it would be modified at various crystal faces by the presence 
of foreign ions of the type considered under (a) above. Foreign ions 
especially of the types (ii) and (iii) are well known to influence streaming 
potentials and will have a corresponding effect on the surfaces of an ionic 
crystal in aqueous solution. 

(c) Cataphoresis of Crystal Nuclei in Solution. — Under conditions 
such that potentials described under (b) are sufficiently large, it should be 
possible to cause the crystal nuclei which are formed in solution to migrate 
to the electrodes by applying a potential gradient. It should be noted 
that such cataphoresis will be sensitive to factors which affect the surface 
potentials of the nuclei. Reference may be made to experiments to test 
this possibility.® In these experiments, by applying a potential difference 
across a pair of copper electrodes dipping in a supersaturated solution of 
copper sulphate, all the nuclei grow as crystals adhering firmly to the anode. 

* cf. Faraday Soc . Discussions , 1947, 3 . 43 - 

* Ubbelohde, Trans . Faraday Soc ., 1940, 36, 863. 
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Owing to the incidence of the war, it has not yet proved possible to 
extend this experimental work. Some further discussion may, however, 
be given here in view of the statement ^ that such directed nucleation is 
merely due to the concentration differences at the two electrodes, arising 
from a passage of the current. In a t5q)ical experiment (Ubbelohde, loc. cit., 
p. 864) the initial concentration of copper sulphate corresponded with 
66 g. CUSO4.5H2O in 100 g. water at 20® C. The equilibrium concentration 
at the same temperature was approximately 32 g. CUSO4.5H2O in 100 g. 
With electrodes of surface area 2*4 sq. cm., preferred nucleation on the 
anode was still definitely detectable after the passage of o-2 mA flowing for 
15 min., i.e., o*i8 coulomb. 

This quantity of electricity would lead to an ultimate gain of CUSO4 in 
the anode region of 

X 124-8 X 0-625 = 1-45 X Z0-* g. 

calculated as pentahydrate, using the transport number 0*625 for the 
anion. 

Questions which arise are whether the gain of CUSO4 in the anode region 
can make a significant difference to the degree of supersaturation, and 
why all the crystals are found firmly adhering to the electrode, with evidence 
of preferred but not unique orientation. 

The increase in concentration around the anode depends on the volume 
in which the gain of CUSO4 is contained. Considering this volume as a 
cylindrical sheath of thickness x around the anode, the increase in concen- 
tration is approximately 6*o X lor^jx g./ml. For this increase to be an 
appreciable fraction of the supersaturation in the bulk of the solution 
(approx. 0*3 g./nil.) x must be of the order of 10"^ cm. This thickness of 
anode layer is physically not unreasonable and the increased probability of 
nucleation in the anode region may well be attributed to the increased 
concentration resulting from the transport of electricity. 

But mere increase in probability of nucleation does not explain why 
the crystals are found to adhere firmly to the anode, and with preferred 
but not unique orientation. This appears to be a significant observation 
for the mechanism of growth of ionic crystals. One explanation could be 
(Ubbelohde, loc. cit., p. 866) that the SO 4" ions discharged at the surface 
of the copper electrode can act as two-dimensional nuclei for the growth 
of CUSO4.5H2O. The preferred but not unique orientation observed for 
the crystals would be analogous with oriented overgrowths in other cases. 
An alternative explanation is that the increased concentration due to the 
transport of electricity leads to a higher probability of nucleus formation 
in the anode region, and that these nuclei are swept to the anode by cata- 
phoresis as soon as they are formed. Since the streaming potentials at 
different crystal faces are not the same, there would be a tendency to turn 
the nuclei in the current flow, which would explain preferred orientation. 

Whatever the explanation, the phenomenon of the electrolytic growth 
of ionic crystals offers one of the problems of crystal growth which appear 
to be related with the potential distribution around ionic crystals. 


The Queen*s University, 
Belfast, 


* Boerboom, Nature, 1947, 159, 230. 



GENERAL DISCUSSION 


Dr. M. H* R. J. Plu8j6 (Geleen) said : I should like to make a comment on 
the paper of Dr. Dunning concerning the kinetics of crystalUzation in solution. 
Dr. Dunning has grown crystals in a continuous manner under steady conditions. 
This is the way in which crystallization is carried out in practice on a large 
scale, and I am particularly interested in crystallization as a unit operation. 

Dr. Dunning has found that the rate of linear crystal growth is a function of 
the supersaturation and Table I of his paper proves that small deviations in 
the supersaturation have a marked influence on the rate of growth. 

In my opinion, however, the figure he uses for the supersaturation is not the 
actual supersaturation under which the crystals were growing, even after the 
correction made for the somewhat higher temperature of the solution caused 
by the heat of mixing. To find the supersaturation he has taken the difference 
between the actual concentration, determined by immediate filtration, and the 
concentration after a prolonged time of mixing, the last concentration after a 
correction for a small difference in temperature due to the heat of mixing. In 
determining the supersaturation he has supposed that the last-named concen- 
tration is the equilibrium concentration at the surface of the ciy^stal. 

My opinion is that this is not correct. The reason is that the temperature of 
a growing crystal is higher than the temperature of the solution in which it grows. 
This is caused by the heat of ciy^stallization, which is released at the surface of 
the crystal. When crystalUzing in a continuous manner under steady conditions 
the crystals reach a certain fixed temperature, which remains constant during 
the growing process, I'herefore, there is a constant flow of heat (the heat of 
crystallization) from the ciy^stals to the solution and from the solution through 
the wall of the container to the cooling medium (heat of ciystallization plus 
heat of the solution). 

We have tried to determine this difference between the temperature of growing 
crystals and the temperature of the solution. With an indirect method we 
found for Ca(N 03 ) 2 . 4 H 20 in an aqueous solution a difference of about i/io° C : 
the exact value depending on the ratio between the total crystal surface and the 
surface of the cooled vessel. 

The actual concentration of the solution at the surface of a growing crystal 
is therefore never the equihbrium concentration at the temperature of the 
solution, but somewhat higher. Because small differences in the supersaturation 
have such marked influences on the rate of growth, 1 think it absolutely necessary 
to take the “ crystal temperature ” and the heat How into account in order to 
obtain a real picture of the kinetics of crystallization in solution. 

Dr. W. J. Dunning {Bristol) {communicaU’d) : Dr. Plusje reminds us that the 
temperature of the growing crystal is higher than that of the solution. An 
estimate of this temperature difference is readily obtained if certain assumptions 
are made. As he says, under steady conditions of continuous ciystallization 
the crystals reach a fixed temperature 7 ' and if in addition the suspension is 
adequately stirred, the temperature of the solution is also constant up to a 
small distance 8 from the surface. If the crystal is growing at a constant linear 
rate g, the rate of heat production at the surface can be derived. Part of this 
heat raises the temperature of the new growth to 7 ' and the rest is conducted 
away down the temperature gradient (T' — T^)/8. This model gives 

r'_T g-Atf 

'' ■'» “ M{pg — KIM) ’ 

where A/7 is the heat of crystallization per mole, g the linear rate of growth, M 
the molecular weight, c the specific heat, K the thermal conductivity, and d 
the density. If we take the largest value of g in Table I (8-6[x/min.), and assume 
cal. cm.Vcm.® C, by using the Neumann-Kopp rule a value of cr^o-z 
can be estimated, w^e then find that with 8 = lo”* cm., T' — T. is of the order 
io-*° C. 
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The figure of o-i® C found by Dr. Plusj6 can be explained if it is assumed that 
his stirring is less efficient than we have assumed to be the case in the discussion 
above. This would be consistent with his finding that the temperature difference 
depends upon the ratio of the areas of the crystal surface and the cooling surface. 

In this connection we might mention again that particular attention was paid 
to stirring efficiency in our experiments. The efficiency used was such that on 
halving the speed of rotation of the stirrer no significant effect was noted. 

Burton and Cabrera comment that it would be very interesting to develop 
experiments directed to avoid all possible foreign nuclei which could facilitate 
nucleation. Our continuous method does not lend itself to exhaustive elimination 
of growth nuclei, but the batch method does allow operation in a closed system 
by which nuclei can be progressively eliminated to an isolated part of the 
apparatus. Work is in hand on this latter technique but all the experimental 
problems have not yet been solved. In connection with our results for the 
continuous method, it is easy to show that since the reagents were drawn from 
the same bulks in all but the first three experiments of Table 1 and if it is assumed 
that the rate of introduction of foreign nuclei is proportional to the rate of 
introduction of the reagents (i.e., the number of foreign nuclei per unit volume 
of reagents is constant), then if the nucleation is not homogeneous but solely 
due to foreign nuclei, the product of «o and the time of passage should be a 
constant. This is certainly not the case as inspection of Table 1 will show, and 
this lends support to the view that in these experiments the nucleation was 
homogeneous. 

Mr. W. K. Burton and Dr. N. Cabrera (Bristol) (communicated) : With 
reference to the papers by Dunning and others it seems to us worth while to 
point out again the essential (Quantitative disagreement between theory and 
experiment, in three-dimensional nucleation from solution. The theoretically 
expected critical supersaturations, for which nucleation should occur, are always 
of the order of a hundred times bigger than those experimentally observed. Of 
course, the theory requires the knowledge of the surface energy between nucleus 
and solution ; the theoretical estimates are made taking some fraction of the 
heat of solution for this surface energy. The disagreement with experiment 
would disappear if the surface energy is assumed to be 20 or 30 times smaller 
than the estimate above. ^ We do not think that this estimate can be wrong 
by this factor. 

This is essentially the same situation as that occurring in the surface nucleation. 
We tried several possible explanations (entropy factors, influence of the mobility 
of the adsorbed layer), but none changes the disagreement by an appreciable 
amount. 2 The difficulty has now been overcome by the dislocation mechanism 
proposed by Frank. 

In nucleation from solution no explanation has been found. It would be very 
interesting to develop experiments directed to avoid all possible foreign nuclei, 
which could facilitate nucleation ; it is possible that real three-dimensional 
nucleation has not yet been observed. 

Dr. R. F. Strickland-Gonstable (London) said : Bransom, Dunning and 
Millard find that the rate of crystal growth appears to approximate to a linear 
function of the supersaturation. It is believed that this result can be rendered 
very probable on the basis of some rather general considerations which have no 
relation to any particular mechanism. For this purpose it is necessary to remember 
that (crystal growth involves a balance between two other processes, namely, 
deposition and solution. Then the growth rate can be expressed as : 

g = F(c)^K (I) 

where g = net rate of growth ; 

F(c) = gross rate of deposition of solute. It is expressed as an entirely 
unknown function of the total concentration (not as a function oi 
the supersaturation) ; 


^ Jielv, physic. Acta, 1942, 15, 699 ; see also Dunning and others, This 

Discussion. 

• Burton and Cabrera, This Discussion. 
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c = concentration of the solution in contact with the crystal face ; 

K = gross rate of solution, which is a constant, independent of the 
concentration.* 

In the Figure the curve F{c) representing deposition rate and the straight line 
corresponding to the constant rate of solution K intersect at the point where 
c = Csat.- The rate of crystal growth is shown as the difference in height of the 
two curves. It is clear from the small triangle that {F(c) — K) is directly 
proportional to (c — Csat.) to a close degree of approximation provided that : 

(1) F(c) is continuous in the neighbourhood of c = Csat.; 

(2) c — Csat. is small compared to Csat.. 



The former condition is most probably fulfilled since there is no reason why 
the rate of deposition, which is here looked on as a property of the solution, 
should behave in a special manner at the point of crossing the solubility curve. 
The second condition is normally fulfilled for practical reasons. It is therefore 
possible to write : 

k{c — Csat.), true for c — Csat. ... (2) 

This principle has an important application in experiments such as those of 
Bentivoglio.® This author found that in the case of a number of ciy^stals the 
relative rates of growth of the different faces were constant, in spite of a variable 
degree of supersaturation. 

The most general form of gro^vth law which would express this result, con- 
sidered by itself, is 

^A = ^A{/W-/(^sat.)} (3) 

where g^ = net rate of growth of face A ; 

^A ~ constant appropriate to face A ; 
f(c) = unknown function of the concentration of the solution in contact 
with the face. This function must be the same function for each 
face of the crystal, 

with similar expressions for the other faces B, C . . . etc., whence ^ etc. 


• Bentivoglio, Proc, Roy. Soc. A, 1927, 115, 58. 

* Since the growth rate is known to be sensitive to small quantities of impurities the 
above equation must hold only for a given state of the solution containing a definite 
constant amount of such impurities. 

In order that the condition, g = o for c = may be fulfilled, where Cmu is the 
concentration of the saturated solution, K must be equal to and eqn. (i) can 

therefore also be written as : g== F(c) — 
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Eqn. (2) is a special case of (3), in which the arbitrary function f{c) is placed 
equal to kc. If therefore the law expressed in (2) is a general law, the results 
of Bentivoglio are accounted for. At the same time the expression (3) has been 
written down in order to show that Bentivoglio's results are, considered by 
themselves, consistent with a more general law which allows the growth rate to 
depend on an arbitrary function of the concentration which, however, must be 
the same for each face. It seems more likely, however, that Bentivoglio’s results 
are, in fact, due to the general validity of eqn. (2). 


Dr. W. J. Dunning {Bristol) {communicated) : Regarding some remarks of 
Prof. Juliard, I would make the following suggestion. Even in the case of 
homogeneous nucleation the crystals finally obtained are of approximately the 
same size, if as is usually the case the rate of nucleation depends on a higher 
power of the supersaturation than the rate of growth does. Then the nuclei 
born earliest w hen the supersaturation is greatest are not only the most frequent 
but become the largest crystals, hence a high proportion of the weight of the 
precipitate will be in this size group. Casual observation (as distinct from 
number distribution analysis) will give an impression of size homogeneity. 

Again the sigmoid shape is not solely a characteristic of the presence of foreign 
nuclei. With homogeneous nucleation, the rate dS^/dO = o at the beginning 
and the end of the precipitation, but it is finite during crystallization, hence there 
must be an inllection point. 

If growth occurs only on foreign nuclei and homogeneous nucleation does 
not occur, the eqn. (7a) in Bransom and Dunning’s paper takes a simple form, 
from which the relation 


d(5fl - 5 o)x/3 
d0 




can be obtained, where Wo is the number of foreign nuclei per unit volume. In 
a series of experiments of different initial 5o and Wq, the left-hand side can be 
obtained for each and plotted against Sq. Then the ratios of the ordinates for 
all Sq values ought to be constant and equal to the ratios of the «o's. From 
these plots the functional dependence of f{SQ) can be obtained apart from a 
constant factor. 


Dr. S. Fordham {Stevenston, Ayrshire) said : The results in my paper showed 
that there was a strong probability that strained crystals of ammonium nitrate 
had an initially increased rate of growth. More recently the surfaces of typical 
crystals have been examined by a replica technique with the electron microscope. 
Fig. I shows the surface of an unstrained crystal characterized by what appear 
to be cracks parallel to the (001) plane of the crystal. Fig. 2 shows that straining 
of the crystal causes small areas to be raised above the general level, thus 
producing irregularities of finite size. The two photographs were taken by 
Mr. J. Ames. 

Dr. F. C. Frank {Bristol) {partly communicated) : With reference to 
Dr. Fordham’s observations, for reasons given, I should not expect the change 
in dislocation content produced by straining the crystals to cause a significant 
change in the rate of growth (though it could affect the critical supersaturation 
for growth, if one were found) . In this case, I think the transient extra growth 
is to be explained more on Prof. Stranski's lines, by completion of layers from the 
steps produced by slip. This remains true although the slip steps are shown by 
electron-micrography to be of a rather complex character. Fordham refers to 
them as “ dislocations.” The word ” dislocation ” has acquired a very definite 
meaning in the theory of the solid state, and ought not to be applied freely to 
any sort of derangement of a crystal : though various sorts of derangement 
can be analyzed into systems of dislocations. 

Prof. Stranski has mentioned the high rate of growth of twin crystals having 
faces which meet in the composition plane so as to make a re-entrant angle with 
each other. A notable miner alogical example of this is fluorite. The great 
majority of large fluorite crystals exceeding, say, i cm. in size, especially those of 
Weardale which make up the principal exliibits of fluorite in British museums, 
are interpenetrating twins, with a twin emergent on every face. Exceptions to 
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this rule always have visible disoriented blocks. Sometimes the corner of the 
twin is just on the point of being submerged — evidently growth then ceases. 
Each face of these twin crystals shows a pronounced growth pyramid of unusually 
steep vicinal faces centred on the common line of the twin faces which meet on 
the composition plane. In a typical example (of which a lantern slide was shown) 
the inchnation of these faces to the (100) face is 3*0°, in contrast with 20', which 
is the most which is usually observed for growth pyramids centred on some 
ordinary point in the face of a crystal, as observed on alums, for example, by 
Sir Henry Miers.* This unusually steep growth-pyramid signifies an unusually 
high rate of emission of growth fronts from the initiating centre (in this case the 
junction with the twin) compared with their rate of travel over the surface — 
of the order 10 times as great as when the initiating centre is a simple dislocation 
or group of dislocations. 

Another admirably simple example to be seen in collections of minerals is 
provided by calcite ; the “heart-shaped"' or “ butterfly -shaped “ twins of 
calcite on (no) are characteristically 10 times as large, linearly, as the accompany- 
ing population of single crystals. 

With regard to the visible growth steps or layers to which Dr. Bunn draws 
attention, I certainly think that at least in some cases they arise in a manner 
which Prof. Becker aptly likens to the formation of shock-waves ; i.e., that for 
some reason molecular steps bunch together. We have then to find the influence 
which leads to this bunching. This must be a “ second-order “ effect : for if 
deposition occurs at equal rates on every molecular step-line, the surface profile 
is conserved, travelling with the steps ; while if there is competition between 
the steps so that their rate of accretion is proportional to the distance between 
them the profile is conserved in the mean, while the molecular steps travel 
through. Neither of these extreme conditions, nor any simple linear combina- 
tion of them, gives rise to an accentuation of irregularities in the profile ; this 
requires that the leading members of a group should travel slower than the 
rest. This will tend to occur in a stirred or convecting medium once the height 
of the multiple step becomes an appreciable fraction of thickness of the laminar 
diffusion layer at the surface of the crystal ; but this effect will be very slight 
until a substantial bunching has occurred, and I would attribute the initial 
bunching to fluctuations in concentration at the initiating centre. 

The most important point to notice, however, is that with this sort of inter- 
pretation there are no layers, only a stepped profile. I suppose that there are 
also other types of crystal growth with a genuine lamination ; but one must 
avoid confusing the two, taking the visible steps as certain evidence of real 
layers. In particular, steps which increase in height as they spread outwards 
cannot correspond to layers. 

Dr. S. Fordham (Slevenston, Ayrshire) said : Dr. Frank has suggested that 
my results were due to crystallization on slip planes in the strained ammonium 
nitrate crystals. Neither optical nor electron microscopic examination indicated 
the presence of regular slip along glide planes. On the contrary, crystals had 
irregularities in their surface which were of finite size and in appearance seemed 
to be very similar to the dislocations discussed by Dr. Frank although they were, 
of course, on a larger scale. While willing to avoid the use of the term dislocation 
in describing these irregularities, I think this is a matter of nomenclature which 
does not affect the interpretation of the results. 

Prof. W. E. Gamer {Bristol) said : The films of Dr. Bunn and Emmett 
showed the spread of crystallization as a series of waves starting at some point 
near the centre of the crystal surface. Crystal growth therefore appears to be 
a periodic phenomenon. In these experiments the supersaturation was probably 
high, and at high supersaturations the formation of a two-dimensional nucleus 
at the centre of a crystal face will have a high probability, even if no dislocations 
be present. The supersaturation at the centre of a face will decrease when a* 
nucleus is formed, and increase again as the nucleus grows away from its point 
of origin. Therefore a periodic formation of nuclei implies a periodic change in 
supersaturation. Likewise the probability of nuclei formation will vary periodi- 


* Phil. Trans. A, 1904. aoa, 459. 
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cally as the supersaturation fluctuates. It is possible, therefore, that the 
phenomena observed are due to the interrelationship between the probability 
of nuclei formation and the supersaturation. It appears to be important to work 
out the dynamics of such processes. In crystallization from melts, a periodic 
fluctuation in the temperature of the melt in the neighbourhood of the crystal 
surface is probably the effective agent in creating the wave motion. 

Dr, K. G. Denbigh (Cambridge) said : I would draw attention to the fact 
that crystals are occasionally found in which there are a number of liquor 
inclusions situated symmetrically with respect to the centre of the crystal. 
During the war this had been observed both in R.D.X. and in hexamine. It 
seems that the mechanism depends on the formation of a symmetrical dendrite 
at an early stage of growth. The process by which R.D.X. crystals are formed 
had been carried out under the microscope and it was seen, a few seconds after 
initiation, that minute cross-shaped dendrites were formed. At a later stage of 
growth these developed into crystals of a more regular shape and the symmetrical 
inclusions were due to the trapping of mother liquor at the angles of the cross. 
In a particular case there were twelve liquor inclusions in a hexamine crystal 
situated with almost perfect symmetry about its centre. It was of interest that 
these inclusions were almost spherical and did not show the plane faces of the 
crystal. 

Why is the structure of snowflakes so remarkably symmetrical ? During a 
hard winter I have observed an ice crystal growing on the surface of still water 
in a bath. Over a period of a few days the dendritic crystal grew to the size of 
a plate, and its intricate pattern was perfectly symmetrical about the centre, like 
a greatly magnified snowflake. It had the usual hexagonal form and the question 
arose how it came about that each of the six spikes of the structure had exactly 
the same fernlike pattern. It was known that betw een one snowflake and another 
there were a great variety of patterns and it was therefore surprising that each of 
the spikes, in any one crystal, should develop in the same way. It seemed as if 
the pattern was controlled from the centre, as a chromosome controls the structure 
of a cell. It was perhaps related to Prof. Garner’s point concerning periodic weaves 
of crystallization radiating from a central point. 

Dr. W. A. Wooster (Cambridge) said : Dr. Bunn has pointed out that some 
faces of a given crystal grow quickly while others grow more slowly or not 
at all. The concentration is greater near the non-growing surface than it is 
near the rapidly growing one. It may, therefore, be necessary to look for a 
cause which arises within the crystal rather than in the solution. I wish to put 
forward tentatively a suggestion based on the thermal motion of the atoms. 

For an ionic crystal such as NaCl the amplitude of vibration of the ionic centres 
at room temperature is of the order of i/io A, i.e., a small, but not negligible, 
fraction of the distance apart of neighbouring atoms. At a growing surface this 
amphtude of vibration may be greater owing to the unsymmetrical nature of the 
environment-solvent molecules on one side and regularly arranged atoms on 
the other. This atomic movement may determine the ease wdth which atoms 
can be attached to the surface. 

The study of diffuse thermally scattered X-rays has shown that atomic move- 
ments, though random so far as any one atom is concerned, may be resolved 
into a series of waves of different frequencies travelling with the speed of sound. 
These waves constantly passing to and fro in the crystal will be reflected from the 
boundaries, and the amplitude of vibration at any corner, step or other dis- 
continuity will be greater than on a corresponding flat surface. Thus if a crystal 
face has grown perfectly flat, and has no growing centres or steps, the elastic 
waves wnll be reflected but not scattered and the vibration of an individual atom 
in the surface may therefore be a minimum. On the other hand, if a crystal 
face has a step there may be a concentration of elastic vibrational energy just 
wdthin the step which may keep the amplitude of atomic vibration greater than 
normal. This condition may favour further deposition and keep the step 
advancing. 

A feature of growth, which, though not fully established for ionic crystals 
growing in solution, is certainly established for growth from the vapour, is the 
migration of atoms from the centre of a face to the growing edge. May it be 
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that this feature is alao explained by the thermally generated elastic waves ? 
If a step occurs on a surface there is a possibility that if vibrational energy is 
concentrated within the step it may act like a pulsating membrane and pump 
the liquid along the surface from the centre of the face towards the edge. 

The question was also raised as to what mechanism could determine the 
symmetrical nature of the pattern of an ice crystal growing in still water, i.e., 
why all the branches arise on the opposite sides of a given stem at just the same 
distance from the centre. In a stem growing out in opposite directions from a 
centre, there will be elastic waves which will have the same vibrational pattern 
at the same distance from the centre on either side. If the nodes and antinodes 
of the elastic vibration pattern determine the generation of the branches, then 
the branches would occur at the same distance from the centre. 

Dr. D. R, Hale (Cleveland, Ohio) (communicated ) ; Bunn and Emmett call 
attention to the rounded surfaces of growth on high-index faces. The (001) 
face or basal plane in quartz is not a natural face and would thus be the 
equiv^alent, so far as growth is concerned, of a high-index face on, e.g., sodium 
chloride. In the work at The Brush Development Co., Cleveland, Ohio, on 
quartz crystal growing we have noted a high rate of growth, yielding rounded 
surfaces, on the artificial (001) face obtained by sawing the crystal.* The rate 
of growth is about an order of magnitude faster than that on a rhombohedral 
face. These observations may be added to those mentioned in the paper as 
evidence of the indiscriminate, high-rate deposition on high-index surfaces. 
A further common type of deposition observed on the artificial (001) face of 
quartz is an assemblage of minute, oriented trigonal crystals growing in the 
c-directiun and fused with their neighbours at sufficient edges so that a porous 
structure results. The separate crystals in this growth generally terminate 
in trigonal caps, and no rounded points or areas are produced. 

Thirty synthetic quartz crystals have been examined for evidence of layer 
formation. About a third of them do not have sufficiently plane faces to show 
unmistakable evidence of layer growth. On a few of the reasonably flat surfaces 
a regular pattern of fine and closely spaced concentric lines is evidence of the 
growth mechanism described by Bunn and Emmett. Many of the well-developed 
crystalline faces, particularly the rhombohedral faces, exhibit low rounded domes 
frequently outlined in a number of what seem to be contour lines, so that the 
appearance from above is that of looking at a map and seeing a hill marked on by 
lines of constant level. These lines are assumed to be the steps from one growing 
level to another, but in these quartz crystals the edge seems always to fall away 
in a sharp concave surface which hardly levels out before the next contour line 
is reached. This appearance seems to indicate that growth is taking place on 
faces of high index. 

Dr. F. C. Frank (Bristol) (partly communicated ) : Bunn and Humphreys- 
Owen have produced some delightful experiments demonstrating that crystal 
growth is a structure-sensitive process. I am disappointed that they should 
finish their accounts of these phenomena by saying they are puzzling. Such 
things as a sudden change in growth rate are to be expected. They could arise 
from a sudden rearrangement of dislocations (since the ability of dislocations 
to move under small stresses is one of their fundamental properties). They 
can also be produced by adsorption of a very small amount of impurity on the 
step-line connecting a dominant pair of dislocations. These observations do 
seem to suggest, however, that in these particular experiments the number of 
dislocations influencing growth may be quite small. 

Let me now deal with the “ Berg effect/' firstly pointing out what a very odd 
effect it is. It is not at all similar to what was observed by Volmer and Ester- 
mann. In their experiment a crystal of mercury grows in the form of a veiy^ 
thin plate from the vapour at low temperature in a vacuum. The mean free 
path is about 10,000 times the size of the crystal. It is found that every molecule 
which strikes the ciy^stal anywhere on its surface sticks, but migrates and is built 
into the crystal only at the edge of the plate. This surface migration is entirely 
understandable and just what we ought to expect. 


* Hale, Science, 1948, 107, 393. 
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In the experiment of Berg, Bunn and Humphreys-Owen, on the other hand„ 
we have a crystal growing from solution and its size is about 10,000 times the 
mean free path in the surrounding medium. Ions migrating over the surface 
of the crystal will suffer jostling from the molecules of ^e surrounding medium. 
It appears quite possible, in the circumstances, that migration over the surface 
will not be observable in comparison with diffusion in the solution. But suppose 
it were : if there were a very mobile layer at the crystal surface, the boundary 
condition at that surface would be an “ equipotential one, and, like electro- 
static lines of force, the lines of diffusion flow would be most concentrated at the 
crystal corners. If there is no special surface migration, a crystal preserving 
its form must have uniform deposition over the surface. But what is supposed 
to be observed by Berg and Humphreys>Owen is an excess of flux in the middle 
of each face. This is (as Berg knew) no ordinary layer of high mobility. It has. 
a negative resistance. Diffusing matter goes out of its way, through a longer 
path in the ordinary medium, so as to reach the corners roundabout through 
this surface layer. This is not impossible, but is sufficiently odd to demand 
very good evidence before it is accepted. 

Berg’s evidence was two fold. A test which he only used qualitatively, in 
which he used the angles at which optical fringes met the crystal boundary to- 
show that the normal gradient of concentration of solute ificj'bn) was not 
constant (as he supposed it should be in uniform deposition without surface 
migration) ; and the more elaborate method of calculating concentration at many 
points in the medium, constructing a concentration map, and deriving (bcJTin) 
at the boundary from this. He was wrong to suppose (bcj'dn) would be 
constant in the simple case. This would be true in dilute solution, but in more 
concentrated solution it is obviously necessary to allow for the fact that a part 
of the material required to build the crystal is there already, and a larger flux 
is needed where the solution is weakest. One may alternatively think of the 
necessary diffusion of solvent away from the crystal, which must also be greatest 
where the solution is weak. Then the boundary condition is 

(icjin) = (w/D) (pA/Pa) (p« — O 

where w is the rate of advance of a crystal face (cm. /sec.), D the diffusion 
coefficient (cm.^/sec.), the crystal density (g./cm.®), p^ the effective density 
of the solute in .solution ( == p,4 if there is no change of volume on solution) and 

is the concentration of solute in the solution in contact with the crystal surface. 
Since the latter is about half the crystal density, and varies by 5 % or so over the 
crystal face, the correction is not negligible. However, according to data with 
which Dr. Humphreys-Owen provided me, it only accounts for about 20 %. 
of the observed variation of i^cj'hn) across a crystal face. 

Some uncertainty arises from the possibly illusory position of the crystal 
boundary, since lateral resolution in the microscope is necessarily sacrificed 
in compromising with the “ parallel light requirement for multiple-beam inter- 
ference fringes. But the chief source of error is probably convection, the presence 
of which will invalidate the assumption that the flux of solute is simply pro- 
portional to the concentration gradient. Convection must occur because of the 
large gradient of density associated with the concentration gradient near the 
growing crystal. One may readily show that the ratio of the resulting convective 
transport to the diffusive transport is proportional to 

arA*|grad p|/y)D 

where g is the acceleration due to gravity, h is the thickness of the cell in which 
the observations are made, p is the density and 7) the viscosity of the solution 
and D the diffusion coefficient of solute. By a rather crude estimation of the 
numerical factors involved it is found that the convective transport and diffusive 
transports are of similar order of magnitude when this dimensionless quantity 
is about 2000. In the experiments of Berg, Bunn and Humphreys-Owen we 
have typically : grad p = 5 g./cm.® per cm., rj = io~® and D = lo*"® c.g.s. unit,, 
while A = I to 2 X io“® cm. ; so that the above number varies from 500 to 
8000. The effect of convection is thus never negligible in the experiments as 
conducted up to now, but since the fourth power of the cell thickness appears 
in the criterion, it is relatively easy to make the convection negligible by using 
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a, thinner cell ; let us say, lo times thinner. Dr. Humphreys-0 wen tells me it is 
practicable to use a supersaturation ten times as large as in most of his experi- 
ments so that the optical sensitivity remains the same. We shall then be able 
to see whether the ^rg experiment really does exist. 

It is perhaps worth making a few more comments on the design of the experi- 
ment. Time and expense appear to be the only considerations really favouring 
a micro-experiment. Removal of heat and suppression of convection are both 
achieved by using a thin cell, which is also advantageous for optical resolution. 
An increase of the lateral dimensions of the crystal and field of view is purely 
advantageous so far as these considerations are concerned, provided that half- 
silvered optical flats of sufficient area are available, but can only be achieved 
by growing the crystal in situ, which takes a time proportional to the area, or 
longer. 

Prof. A. Juliard {Brussels) said : May I suggest that if there were any 
impurities in either solution or in the gas phase from which a crystal is formed 
this crystal may not grow at all ? 



(0 (d) 

Fig. I. — Perturbation of the crystal structure due to the imbedding of a single foreign 
particle : (a) local dislocation ; (h) centre of a helix molecular terrace for- 

mation ( 4^ ) ; {c) twinning formation ; {d) mosaic structure formation. 

Foreign particles adsorbed on the surface of a crystal may exercise different 
effects. 

(i) If these particles are strongly adsorbed and are present at a relatively 
high surface concentration they may prevent a further aggregation of the con- 
stituents of the crystal and so stop the growth of this surface. When this action 
is exercised on each surface of the cry.stal, the presence of this impurity can com- 
pletely inhibit the precipitation. When this inhibiting action is only effective 
on certain surfaces, the impurity may simply modify the habit of the ciy^stal. 

(ii) If the particles are strongly adsorbed but present at a relati\'ely low 
^rface concentration they may be embedded in the crystal by its later growth. 
The presence of these foreign particles in the lattice may distort the lattice or 
introduce dislocations on a molecular scale which may be the origin of helix 
molecular terraces, of the twinning habit, or of the mosaic structure of certain 
crystals (Fig. i). 
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(iii) If the particles are weakly adsorbed they may act as mineralizers in the 
broad sense of the word. With convenient geometrical and chemical conditions 
these particles can initiate on a crystal surface an active spot which acts as a 
step from which a new molecular layer of the crystal may grow. When, in 
addition, these particles are easily expelled from the newly formed layer, one 
can imagine that these growing particles may be pushed ahead on a step-shape 
protuberance on the surface of the crystal. Such protuberances could be the 
origin of those “ multi-growth layers whose existence was evidenced by the 
remarkable film on crystal growth shown by Dr. Bunn and Emmett, 

Mr. A, E. Robinson {Holton Heath, Poole) said : The crystal habit of Li,S04 
has been found to be considerably influenced by pH of the growing solution : 
at pH above 7 growth along x and y axes is encouraged : at pH below 5 growth 
along the z axis is encouraged. The growth appears to be somewhat slower at 
low pH. There is another effect of pH which may throw some light on the 
anomalies of the adsorption effects discussed in the previous section. Small 
amounts of phosphate (5 parts per million) have been found to inhibit growth at 
one polar end of the crystal. At the higher pH this ion is deposited on the 
crystal ; at the lower pH it remains in the solution. 

The addition of a surface-active agent to this solution is an attractive idea as 
one of the problems is the adherence of air bubbles to the growing crystal. These 
may persist throughout growth and result in a hole through the crystal. One 
wetting agent used prevented this effect, but crystal growth was rather slower 
and two extra faces parallel to the y axis were developed. 

Mr. L. J. Griffin (Egham) said : It may be relevant to mention the part 
which can be played by the study of the surface topography of crystals using 
multiple-beam interferometric techniques as developed by Tolansky. By this 
means one can study natural and cleavage faces, and also synthetic growths on 
either of these types of faces, with a ‘‘ resolution '' in depth approaching molecular 
dimensions. One is thus enabled to arrive at a picture of the mechanism of growth 
of many crystals, and in particular many minerals, which are not otherwise 
amenable to study. 

In order to illustrate the possibilities of the technique I should like to mention 
some work I have done on beryl with particular relation to Bunn’s results given 
earlier in the Discussion. Such naturally occurring crystals have grown under 
unknown conditions, possibly with several complicating factors influencing 
their growth. Therefore in all work of this nature a guiding principle has been 
that several, and preferably many, crystals should show the same type of 
behaviour before any general type of behaviour is claimed. Several specimens 
have been found to show an extensive layer structure, the thickness of the layers 
varying between some hundreds down to three or four unit cells. These layers 
tend toward perfect conformity with the symmetry of the face, the conformity 
in general becoming more rigorous as the layers become very thin. It may be 
mentioned that the outline of these very thin layers shows no trace of the presence 
of dislocations of the type proposed by Frank. The importance of the nature of 
the layer edges has already been stressed by Bunn and it is worthy of note that 
multiple-beam interferometry provides a means, with beryl, of indexing the 
edges of the thickest layers. Some data have already been obtained but have 
not yet been numerically evaluated. Bunn’s thesis of high index edges would, 
h()wc\'er, seem to be borne out. The nature of the layer edges on beryl is actually 
such as to produce a diffraction effect rendering them visible, under the micro- 
scope, even when only some four or five unit cells high. The limit of sensitivity 
of this surprising effect has not yet been capable of determination although 
evidence has been obtained for the observation of layers three unit cells thick. 
By utilizing this diffraction effect and interferometric methods, direct experi- 
mental proof has been obtained that the vicinal faces of beryl consist of extensive 
series of stepped layers. The growing points are sited, in general, towards the 
centre of the face and away from edges or corners. The observations on this 
point are not yet sufficiently extensive as compared with Bunn’s to enable one 
to claim a general behaviour. In conclusion, it may be mentioned that the 
existence of layers has been observed on a number of other crystals, and in 
fact there seems little doubt that many crystals do grow by layer deposition. 
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Prof. I. N. Stranski {Berlin) said : The problem of the occurrence of visibly 
thick layers on growing crystals has two aspects. It is not sufficient to show that 
the thicker layers (or multimolecular lattice planes) extend more slowly than 
the elementary lattice faces (which are afterwards caught up by the lattice 
faces which begin later). It must also be explained why the thicker layers 
may not become thinner by escape of individual lattice planes from the base. 
A special mechanism of coarsening which sometimes occurs on single faces of 
metal crystals and which is obviously connected with the edges of the faces • 
may be mentioned in this connection. 

I should also like to point out the fundamental difference between the growth 
and reduction of crystals of urotropine\t low and high temperatures and also 
the remarkable variation shown by layer growth on faces of Cd or Zn crystals 
according to whether they are surrounded by the fused liquid or the gas phase 
[Eisenloejfc'l). 

Dr. C. W. Bunn {I.C.I., Plastics) said : In answer to Dr. U. R. Evans* 
remarks on dendrite formation, I would like to give some additional details 
of the calculations of the diffusion process round a square crystal plate which 
are mentioned in my second paper. Only the results of long-continued diffusion 
(i.e., arrival of excess solute at face centres) are mentioned in the paper, because 
these appear relevant to the phenomenon of layer formation at face centres, 
liut at the beginning of the process, corresponding to the early growth of a 
c rystal nucleus, the reverse result is obtained — more solute arrives at corners 
than at face centres. This is the expected result, and may be regarded as due 
to the convergent diffusion flow to the corners, when diffusion has just started 
and the diffusion field does not extend far from the crystal. It is natural to 
suppose that dendrite formation may be due to this excess arrival of material 
at the corners of a polyhedral crystal nucleus — excessive deposition takes place 
on the corners, which begin to shoot outwards. But I should like to point 
out that the effect might be due either to this convergent diffusion effect, or 
to the fact that the supersaturation is higher at the corners than elsewhere ; 
we ought to distinguish carefully between these two possible causes. I do not 
know of any evidence on the questiem which is the dominant effect ; but since 
both work out in the same direction, we do not lack an explanation of dendrite 
formation ! Moreover, once dendritic growth has started, not only does the 
growing tip retain the advantage of being in contact with the most highly 
supersaturated solution, but also the diffusion field wdll become organized to 
supply solute so as to continue the process by very convergent diffusion flow 
to the growing point. In fact, the difficulty is to explain why any crystals 
ever avoid dendrite formation and grow as polyhedra. That many of them do 
is presumably due, as Dr. Evans says, to the tendency towards the setting up 
of surfaces of lower surface energy — “ healing,” as I have called it. The results 
in my paper are those which follow if it is assumed that the crystal does avoid 
dendritic growth and that the diffusion field extends far out into the solution. 

Dr. Wooster’s suggestions on the possible influence of the thermal wave-pattern 
in the crystal on the growth of layers are very interesting and worth bearing 
in mind ; but I do not agree that to explain the remarkable variations in growth 
rate of NaClOg ciy^stal faces it is neces'^ary to look for a cause which arises in 
the crystal rather than in the solution , the cause may be either in the crystal 
or the solution, and in my paper I have suggested particular solution conditions 
— i.e., variations of concentration gradient (not concentration itself) brought 
about by convection currents or other effects. Dr. Wooster states that “ the 
gradient of concentration is greater near to the non- growing surface than it is 
to the rapidly growing one ** ; but, as far as our measurements go, this is not 
so — the actual concentration is greater at the non-growing surface, but the 
gradient normal to the face is less steep than at the rapidly growing surface, 
as one would expect ; the normal gradients are roughly proportional to the 
rates of growth. It is true that we can only measure concentrations up# to 
within, say, lo"® cm. of the face, and there might be sudden changes at very 
small distances from the face ; but any sharp bend in the concentration-distance 


• Optih, 1948, 3, 
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curve would only be persistent if there is a big change of diffusion constant 
near the face ; this would mean a change of structure of the solution near the 
face. The ordered structure of the crystal might well affect the structure of 
the solution and its diffusion constant at very short distances (say, lo A) ; but 
it does not seem possible to measure concentrations at such small distances. 

For the present all we can do is to measure concentrations as close to the face 
as we can get, and draw what conclusions we can on the provisional assumption 
that these measurements represent concentrations “ at the face.” 

Prof. W. E. Gamer (Bristol) said : With reference to Hartshorne’s paper, 
and particularly to the high- temperature independent factor required (eqn. (lo)) 
to account for this factor, the author, adopting a theory of Mott’s, suggests that 
approximately lo’ molecules of monoclinic sulphur, forming a mosaic block, are 
converted to rhombic sulphur by a trigger action. 

Discrepancies in the temperature independent factor of a similar character 
are found in certain solid reactions of the type 

A (solid) -->B (solid) -h wHaO, 

where nuclei of B are formed in the surface of ciy^stals of A simultaneously with 
the liberation of water. Where the nuclei of B have pseudo-crystalline shapes 
and presumably grow layer by layer, as in crystallization from the melt or from 
solution, the Polanyi-Wigner equation, 

rate = v JV e*£/«?', 

gives the normal value for v of lo^® and E is the same as Q, the heat of dissociation 
of the solid. N is the number of water molecules per sq. cm. of interface. In 
these cases there is very close coupling between the formation of the new and 
the destruction of the old phase, no activation energy being needed in excess of 
the heat of dissociation. On the other hand, chrome alum gives spherical nuclei 
and layer growth obviously does not occur. In this case the rate of grow^th of 
nuclei of solid B is given by 

r = lO® W e-3i.ooo/R7\ 

There is thus a discrepancy of lo^® in the frequency factor and a further anomaly 
is found, namely, that E is no longer the same as Q, which is i6 kcal. These 
abnormalities can be accounted for if chrome alum possesses a mosaic structure 
and if the reaction spreads at the normal rate within a mosaic block, but needs 
a high activation energy to penetrate adjacent blocks. 

In parallel with the case of chrome alum, it is suggested that for rhombic 
sulphur the rate of conversion within a mosaic block might be given by 
viV where q is the free energy of transition from monoclinic to rhombic 

sulphur. Since q is small, transition within a mosaic block will be very rapid. 
The E that is measured would then be the activation energy required to form 
nuclei of rhombic sulphur between adjacent mosaic blocks. 

Dr. W. J. Dunning (Bristol) (communicated) : Dr. Hartshorne has given an 
interesting interpretation of his experimental results, but there is another point 
of view worth considering. Accepting his model that there is a thin layer one 
molecule thick which has properties similar to a gas, and which is situated 
between the two crystalline forms, the rate of growth of the lower temperature 
form should be given by Volmer’s equation. The process would then be very 
similar to the growth of a crystal from a supersaturated vapour of pressure /),, 
this vapour pressure would be given by 

where C is a constant and E^ the latent heat of evaporation of the high tem- 
perature form. Crystal growth from the vapour requires two-dimensional 
nucleation which contributes another term to the activation energy. 

With g ^ WjFxS 

h 1 * 

where g is the rate of growth ; putting jc = , and neglecting the term 

yf/ V (-‘•lie© 

in A , we have 

g ~ const. 
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but 

and 

we obtain 


A" 

if 




T 

const. 

log g = const. ~ Ev/kT ■ 


1^110 


(To-T). 


Applying this equation to Dr. Hartshorne’s results, it is found that 


fits them quite well. 


log V = 38-77 — 


20,200 

rT 


35,000 


Mr. Y. Haven (Eindhoven) said : I woidd propose an alternative mechanism 
for polymorphic transformations and recrystallization processes which avoids 
the conception that one atom catalyzes, e.g., 10^ other atoms, as has been 
proposed to account for the large pro- exponential factor. Between the two 
phases a boundary region showing a certain amount of disorder is assumed. 
At a given moment only some of the atoms in this region are in a position to 
move; the equilibrium concentration is given by A' (E' ~ energy of 

disorder) and the mobility by A" e-^/^'^' (U --- activation energy for transition). 
So the transformation velocity may be written as (apart from other factors) 
y ^.^ElkT ^ I' ^.-K•|kT . ^4'' e UJkl) 

where TT = L' + U. 

Both A' and A" may contain large entropy factors An entropy factor 

of 10* in A" may be a reasonable one, so if the pre-exponential factor is 10’ times 
greater than has been expected A ' should contain an entropy factor of the order 
of magnitude 10®. This may be compared with ionic crystals where an entropy 
factor of 10^ in the expression for the degree of disorder is very common, e.g., 
the number of vacant lattice sites in LiF is given by 

njN ~ 10* . 

where N and n = number of lattice sites and vacancies per cm.® respectively. 


Dr. W, J. Dunning (Bristol) (communicated) : Prof. Davies and Mr. Jones 
interpret the turning points on the curves in their Fig. 3 as giving the concentra- 
tion of the metastable limit. That this is correct can be seen from the following 
argument. The equation 

0 0 

- •‘'■o - ^ j • { I f{Sr) . dTj’d/ 

o t 

0 0 

'Iw = • I { f /(^>'x)dT| d<, 

o 7 

dSe/dO is their ordinate (y) in Fig. 3 and — Se is their abscissre (x). Hence 

d" = - 3 . J m) I J ASr}dx I’d/ - 6 |/( 5 ,) I’ . J F(S,) J /( 5 V)dTd/. 

o o t 

Their turning point is presumably where dxjdy is changing very rapidly. The 
only quantity on the right-hand side which is changing rapidly is F(S^) and the 
point where it is changing is the metastable limit. 

Mr. E. O. Hall (Cambridge) said : I should like to draw Dr. McCrone’s atten- 
tion to similar results in two papers by Boas and Honeycombe ’ where similar 
grain boundary migration problems are studied in non-cubic metals, and the* 
cause is traced to the strain set up in the matrix by anisotropic expansion during 
the thermal cycles. 


’ Boas and Honeycombe, Proc, Roy. Soc. A, 194^", 186, 57 ; 1948, 188, 427. 
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Dr. H. K. Hardy (Stoke Pages) said : Reference has been made to some 
experiments on crystal growth as influenced by an electric potential. The same 
principle has been applied to organic hquids.® Crystallization of pipernol occurred 
preferentially about one electrode after being held molten with a potential of 
5000 V between the electrodes. The effect was reversed when the electrodes 
were interchanged and was interpreted as evidence that the ultra-nuclei were 
foreign bodies. 

Mr. E. O. Hall (Cambridge) said : The adherence of silver hahdes to glass, 
noted in the paper of Zerfoss, Johnson and Egli, is, of course, widely known. 
However, at the Cavendish Laboratory we have grown single crystals of the 
silv^er halides in rod form by the method of Andrade and Roscoe ® using Pyrex 
tubes coated with a thin film of silicone grease. The rods are cast in these coated 
tubes, from the melt, and from the resulting poly crystalline rods single crystals 
may be grown in exactly the same manner as metal crystals, although, of course, 
coated tubes must again be used. 

Mr. H. E. E. Powers (London) said : The phenomenon of the luminosity 
caused by crushing of sucrose is well known under the name of triboluminescence 
and can easily be demonstrated by crushing sucrose crystals between sheets of 
plate-glass in the dark. 

It is generally considered to be due to electrical effects and these may be part 
of the cause of some of our caking phenomena. 

Other speakers have spoken of the symmetry of “fault intrusions’* into 
crystals. Many years ago I carried out some work on the production of large 
candy crystals coloured with caramel. In the course of this work a very large 
number of crystals of one to two inches in length was examined and in very 
many cases the coloration though geometric was far from symmetric. 

May 1 , in conclusion, say that in our industry we have a wealth of interesting 
material and problems, and I should welcome contact and collaboration with 
any who feel interested in sucrose. 

Dr.K. G. Denbigh (Cambridge) said : In reply to Mr. Powers, I agree that 
symmetrical inclusions were somewhat rare. The trapping of mother liquor in 
the angles of a dendritic structure Avas probably not the only mechanism of 
the formation of inclusions. I have obtained some evidence that an alternative 
mechanism depended on the deposition of a speck of solid impurity on the 
surface of the growing crystal. PTesh crystalline material could not deposit 
directly on this impurity and the face therefore moved outwards with a fairly 
wide radius of curvature, creating a pocket of mother liquor with the impurity 
at the bottom. Crystals were sometimes seen in which there were cavities which 
had not completely sealed across. 

Dr. A. F. Wells (I.C.I., Dyestuffs) said : In his earlier remarks Dr. Denbigh 
drew attention to the symmetrical shape of an ice crystal growing on still water. 
I would suggest that it would be more remarkable if the development were not 
symmcti'ical. The growing crystal possesses certain symmetry, and it would be 
expected that the environment of the crystal (in this case, the water) would 
develop the same symmetry as regards diffusion currents, etc. In the absence 
of disturbances, therefore, a symmetrical development will occur. 

With regard to the experiments of Bunn, Berg and Humphrey s-Owen, it 
would seem dangerous to assume that the phenomena associated with the thick 
layers observed on crystals growing in supersaturated solution are closely related 
to the mechanism of slow growth. Many abnormalities are observed in rapid 
grov'th from highly supersaturated solutions, particularly the development of 
faces which do not appear on crystals grown slowly and continuously. 
The frequent occurrence of inclusions in crystals grown rapidly and the observa- 
tion that a crystal with obvious internal imperfections often grows more rapidly 
in the same solution than a clear crystal suggest that the process of desolvation 
may become an important factor in rapid growth. Before a sodium ion becomes 

• Hammer, Ann, Physik, 1938 (5), 33, 445. 

• Andrade and Roscoe, Proc, Physic, Soc., 1937 , 49 » ^5^* 
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incorporated in the surface of a sodium chlorate crystal it must be half ^dehydrated, 
but before the next layer can be deposited the remaining water molecules must 
be removed. Thus the spreading of the thick layers observed in some of Bunn’s 
experiments might not correspond to the actual process of incorporation of ions 
in the crystal direct from the solution but, for example, to some secondary 
process of ordering in a disordered surface layer containing partially desolvated 
ions. 

Prof. A. R. Ubbelohde (Belfast) said : I would like to ask Sir John Lennard- 
Jones how far the contraction he calculated at the surface of ionic crystals would 
be modified when the crystals are dipped in a medium of high dielectric constant. 
Under certain circumstances it seems likely that the effect of the high dielectric 
constant must be to reduce surface strain. In the absence of such reduced surface 
strain, when a sheet of ions grows outwards over a crystal face there must be a 
comparatively large discontinuity in the arrangement of ions at the surface 
region where the uppermost layer terminates, and this discontinuity must travel 
outwards as the uppermost layer extends. 

Sir John Lennard-Jones (Cambridge) said : I have not calculated the 
effect on a crystal surface of a highly polarizable medium surrounding it, but 
it seems clear that for ionic crystals such a medium would produce forces attract- 
ing the surface ions outwards. The forces would partly counterbalance the 
attraction of the rest of the crystal on its surface layer and so tend to eliminate 
(or reduce) the contraction at the surface. 


III. ABNORMAL AND MODIFIED CRYSTAL GROWTH 
Introductory Paper 

By A. F. Wells 
Received Afth March, 1949 

The discussion of abnormal crystal growth implies that we know what 
is meant by normal growth, but this is far from being true. A crystal grows 
by the deposition, layer by layer, of new material on its faces, and the 
growth on faces of different kinds (i.e., different crystallographic forms) is 
measured as the perpendicular displacement of the face parallel to itself. 
One object of theoretical treatments of crystal growth is to calculate these 
rates of growth on the various faces of a crystal in terms of the atomic 
structure of the crystal and the concentration of material around the crystal. 
A partial solution of this problem, the calculation of relative rates of growth, 
would answer the purely morphological question : why does a crystal of a 
particular substance grown under specified conditions develop certain faces ? 
This, however, raises another question : to what extent is the face-develop- 
ment of crystals of a substance constant, external conditions remaining the 
same ? Although it is known that certain face-developments are character- 
istic of certain crystals, it has never been established experimentally that 
a crystal with faces of more than one form does in fact maintain exactly the 
same shape during growth, i.e., that the relative rates of deposition on the 
different faces remain the same. For the present we shall assume that by, 
normal growth is meant the development of a nucleus into a single crystal 
with plane faces, the relative rates of growth on which are maintained the 
same throughout growth. We can then classify the various possible types of 
abnormal growth. Before this is done, however, one other point deserves 
mention. 
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All artificial crystals, and most natural ones, are not ideal crystals in 
the sense that a particular atomic arrangement extends without inter- 
ruption throughout the whole crystal. Instead, the crystal consists of 
mosaic blocks (within which the structure may be regarded as ideal) which 
are inclined to one another at small angles. The development of mosaic 
structure seems such an inevitable feature of crystal growth that it would 
appear necessary for any theoretical treatment of crystal growth to account 
for its appearance. (The fact that a few minerals attain, or approach, the 
ideal state does not necessarily mean that they grew as ideal crystals ; they 
may have been annealed subsequently.) It is laiown that gross imperfections 
in internal structure can radically afect the rate of growth of crystals. 
For example, it is sometimes observed that if two seed crystals, grown in 
the same wa}^ are grown in the same solution under apparently identical 
conditions, one may grow very much faster than the other if it has visible 
internal imperfections. It is tempting to extend this idea of dependence 
of rate of growth on perfection of internal (and therefore surface) structure, 
and to suggest that an ideal crystal would not grow at a measurable rate. 
The numerous anomalies observed in interferometric studies of crystal growth, 
for example, the cessation of growth on one half of a growing face of a crystal 
of sodium chlorate while growth proceeds normally on the other half, might 
then be associated with the perfection of the faces. It may be that if one 
part of a face accidentally attains an abnormally high degree of perfection, 
then growth is thereby slowed down. This would appear as reasonable as 
other explanations, for example, that minute (undetectable) amounts of 
an unknown impurity settle preferentially on one half of a crystal face. 
(Alternatively there might be delay in the initiation of an ordering process 
in a surface layer of randomly oriented, partially solvated, solute.) This 
complication in experimental studies of crystal growth is one which has not 
received enough attention, and it may be necessary to ascertain the degree 
of mosaic structure when comparing growth rates of different crystals. 

The more important types of abnormal crystal growth are set out below, 
and I propose to mention briefly some of the problems they raise. 

TYPES OF ABNORMAL CRYSTAL GROWTH 

Dendrites, hopper 
crystals, 

and other skeletal 
growths 

Single crystals with 
f Various face-J abnormal face^ 

) developments ( developments 

) from different^ (normal plane 

( solvents ; faces) due to 

impurities, etc. 


Penetration twins Crystals with 

(small number of twin vicinal faces, 

components or repeated curved faces, 

twinning to give etc. 

pseudo-symmetrical 
lamellar twins) 

Ihe account of the morphology of crystals as described, for example, 
in Groth s Chemische Krystallographie is in some cases very misleading, for 
two main reasons, fi) The face-developments illustrated for many crystals 
are much more complex than those of crystals grown slowly and continuously 


Contact twins 
(individuals related by 
definite crystallographic 
laws, i.e., continuity of 
crystal structure) 
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from pure solutions. They obviously represent, in many cases, crystals which 
had grown in dishes on laboratory benches and had been subjected to tem- 
perature fluctuations leading to iternate partial dissolution and regrowth, 
and hence to complex face-developments. Crystallographers have always 
tended to be interested in crystals showing complex face-developments 
because of the diagnostic value of complex forms, quite apart from the 
intrinsic beauty of the crystals. (2) Inorganic salts are usually soluble only 
in water, but many organic compounds are soluble in a variety of solvents, 
and there is often a crystal habit characteristic of a particular solvent (or set 
of chemically related solvents). In such cases a single illustration should be 
replaced by a set of drawings showing these different face-developments. 



Fig. I. — ^Variation of crystal habit with solvent. Above : crystals of iodoform from 
a, aniline, h, cyclohexane. Below : crystals of anthranilic acid from Ct ethyl 
alcohol, d, glacial acetic acid. 


Fig. I shows examples of crystals which grow with different face- 
developments from different solvents. Elucidation of habit changes of this 
type calls for the development of a new branch of surface chemistry involving 
a study of the interactions of molecules (of solute and solvent) in solution 
with those in the various crystal faces. Unfortunately, little progress 
towards even qualitative explanations can be made until the crystal structuiias 
of the solutes are known. An exception is provided by resorcinol 
(w-dihydroxy-benzene), which shows some interesting differences in behaviour 
when grown from different solvents, differences which can to some extent be 
related to its crystal structure. In the poiar crystal of resorcinol (low- 
temperature form) all the molecules are similarly oriented with respect to the 
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c axis, as shown in Fig. 2, which shows in projection the surface structure of 
a crystal of the type illustrated in Fig. 3 a. The inclusions in such a crystal 
show that no deposition has taken place on the lower end of the crystal. 
This is presumably due to the strong interaction of this hydroxylic face with 
water molecules. If such a crystal is transferred to benzene solution, growth 
takes place on both ends of the crystal (Fig. 36). In this solution there 
is no preferential interaction between solvent molecules and a hydroxylic 
as compared with a benzenoid face. Unidirectional growth also takes place 
in certain other solvents, and from ethyl acetate a remarkable shape develo^ps 
(Fig. 3 c). This is a conical crystal terminated by two normal plane (oii) 
and (oil) faces, and growth takes place only on these faces. No deposition 
occurs on the lower (conical) end of the crystal. No explanation has yet 
been found for this extraordinary crystal shape, which is the normal develop- 
ment from ethyl acetate solution. 



Fig. 2.— Projection of the structure of resorcinol on (100) showing the surface structure 
of (on) and (oit) faces. The shaded circles represent OH groups and the broken 
lines, O-H-O bonds. 


Closely related to the effect on crystal habit of change of solvent is the 
effect of impurities in solution. Preferential interaction between the atoms 
or groups in certain crystal faces with either solvent or impurity alters 
the relative rates of growth on faces of different types, resulting in change 
of habit. Much of the experimental work on the effect of adsorbed impurities 
has been carried out with complex dyes and, as might be expected, it is 
difficult to account for the remarkably specific action of many of these 
complex molecules in terms of the structures of the adsorbed molecule and of 
the crystal surfaces. This is emphasized in the papers of Buckley, and of 
Butchart and Whetstone, which follow. An interesting application of this 
kind of habit change is described by Whetstone, who has found that caking 
of certain soluble salts is due to the formation of intergranular bridges, the 
mechanical strength of which can be considerably reduced by modifying the 
habit of the recrystallized material formed between the granules. 




b 


c 


Fig. 3. -Crystals of resorcinol (low-temperature form) : a, crystal from water, showing 
inclusions; h, crystal of type grown larger in benzene solution; c, crystal from 
ethyl acetate. ’ • 
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The unidirectional growth of resorcinol in water and some other solvents 
shows in 'a striking way the importance of interaction between molecules 
in the surface of a crystal and solvent molecules. It suggests that even in 
cases where this interaction is less powerful, desolvation of the solute mole- 
cules may be an important factor to be considered in the growth of crystals 
from solution. Even when a solute molecule (or ion) has settled on a crystal 
face it has been only half-desolvated, and before the next layer can be laid 
down the remaining solvent must be removed. Under certain conditions, 
particularly during rapid growth, all this solvent is not removed and inclu- 
sions are formed in the crystal. In a similar way, adsorbed molecules may 
be trapped in the growing crystal, as in the case of coloured crystals of 
inorganic salts mentioned by Buckley. In some cases included molecules or 
crystallites are oriented in the host-crystal and give rise to pleochroism. 

A phenomenon closely allied to the deposition of oriented crystallites 
on the surface of a growing crystal is the formation of oriented overgrowths 
on crystal faces. The literature of this field is very extensive, and much of 
the interpretation of the experimental facts has been concerned primarily 
with the geometrical aspect, i.e., the fitting of the overgrowth to the substrate. 
Two papers in this section deal with the energetics of the formation of oriented 
overgrowths. Rhodin deals with thin aluminium films deposited on the surfaces 
of inorganic crystals,, mostly ionic in character, and van der Merwe has made 
a valuable survey of the literature in connection with a theoretical study of the 
conditions which must be satisfied for the formation of an oriented, crystal- 
line, overgrowth. A third paper in this field, by Hocart, describes 
observations on oriented overgrowths of ammonium nitrate on mica made 
in connection with a study of the stabilization of the high-temperature forms 
of the salt by incorporation of small amounts of other salts with suitable 
lattice-constants. 

Research Laboratories, 

Imperial Chemical Industries, Ltd,, 

Hexagon House, 

Blackley, 

Manchester, 9. 


MISFITTING MONOLAYERS AND ORIENTED OVERGROWTH 
By J. H. van der Merwe 
Received yrd February, 1949 

Crystal orientations are not in general determined by long-range forces, 
but by forces between one atomic layer and the next. Hence, in order 
that there shall be a definite orientation in a crystalline overgrowth on 
a crystalline substrate, there must be formed, as the initial stage, an 
immobile monolayer of regular atomic pattern, to be called an ** embryo." 
If the formation of a monolayer is regarded as a process of adding atom to 
atom, it is possible, if the influence of the substrate is strong, for these 
(foreign) atoms to take up the same positions on the substrate as would 
atoms belonging to the same substance as the substrate. The resulting 
monolayer is therefore homogeneously deformed to fit on the substrdlte, 
thus forming an embryo. " Oriented overgrowth " is then obtained when 
the atomic pattern (unchanged, when the final overgrowth is pseudomorphic, 
or homogeneously deformed, when the abnormal strain is released, at some 

G* 
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stage, by lateral expansion or contraction) and orientation of the embryo 
are preserved throughout the entire lattice of the overgrowth. 

A theory has been developed^ which led to predictions regarding the 
necessary conditions under which an embryo can be formed. The theory 
is based on the properties of a one-dimensional dislocation model, consisting 
of a row of identical balls, connected by identical springs (force constant p) ; 
the balls at the same time being acted on by a force, which varies periodically 
with the position on the substrate. The first harmonic term (amplitude ^W) 
in a Fourier series is taken to represent the corresponding potential energy. 
There may be a difference between the natural spacing b of the balls and the 
wavelength a of the substrate field. In the application to embryo formation 
the configuration of balls and springs is taken to represent the monolayer, 
and the periodic force to represent the substrate's influence on the deposit 
atoms ; this extension from one to two dimensions can be shown to be 
justified. 



Fig. I. — Graph of l^/P = l^(b/a — i) against l^/Po == — i). A. T.owest 

energy state. (N.B. lolP= o for o ^ l^/P^ ^ 2/71.) B. Spontaneous generation 
of dislocations. 


It is found that with this model the fit or misfit of the monolayers and 
substrate is naturally described in terms of dislocations.” Thus, if there 
is misfit so that 99 or loi atoms in a row lie over 100 potential troughs, 
the majority of the atoms actually lie nearly at the bottom of their troughs, 
while there is a small region where the atoms ride over the crests, to miss 
a trough or squeeze an extra atom in. This region of misfit we caU a surface 
dislocation : if a perfect crystal is built above it, it will develop into an 
ordinary crystal dislocation of the kind originally proposed by Orowan and 
Taylor to account for the mechanical properties of solids. The mathematical 
theory of our model shows that when the natural spacing b differs from 
that, a, of the substrate, the lowest energy state of the system remains one 
with no dislocations up to a certain critical value of the misfit i/Pq defined by 

I/Pq — — l)critical ~ 2/7 t/o> 

where ^ c= (jxa2/2PV)L 

Calculation with Lennard-Jones forces, assuming the interactions with 


^ Frank and van der Merwe, Proc, Roy. Soc. A (in press). 
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other atoms of the deposit and with the substrate atoms are similar, shows 
that /o is about 7. Thus the critical misfit should be about 9 % in an average 
case. There will, however, in general be a large variation about this average 
value, depending on the relative forces exerted by deposit atoms on each other 
(giving (jt) and on the substrate (giving W), respectively. This is not the only 
critical condition of importance, for there still remains an activation energy 
for the generation of dislocations,* which only falls to zero at a larger degree 
of misfit 1//0 (equal to 14 % in the average case). Hence, below this critical 
misfit, it is also possible at low temperatures for the monolayer to be deposited 
in fit with the substrate, thus producing an embryo in a metastable state. 
Fig. I shows that the density of dislocations bja — 1, where b is the average 
spacing of deposit atoms, rises abruptly to a larg-e value on passing either 
of the critical misfit conditions, the lower of which is probably significant 
for high, and the higher for low, temperatures. Once there is a high density 
of dislocations (at which incidentally the spacing of the deposit layer becomes 



Fig. 2. — Graph of IJPo against w/\V. A. I.owest energy state. B. Spontaneous 

generation of dislocations. 

practically equal to its natural spacing and independent of that of the 
substrate) the monolayer should be quite mobile on the surface, free to 
rotate as well as to glide. Such a monolayer cannot be an embryo for 
fully oriented overgrowth, though, of course, there may be a preferred 
axis normal to the surface, as also occurs on amorphous substrates. 

It is unlikely that the variation of potential energy in an actual case 
will be represented accurately by a single sinusoidal term. The corresponding 
curve is expected to have in general a maximum which is flatter and wider 
than its minimum. This can be attained by introducing into the potential 
representation a second harmonic term of small amplitude Iw. Increasing 
w/W beyond 1/4 makes the potential curve change its nature ; it develops 
a second minimum. Thus the introduction of a second harmonic term 
was found to be convenient in investigating the influence of the shape of the 
potential curve on the critical properties of the system. The outcome of thie 
investigation ^ is represented graphically in Fig. 2. It is seen that the 
limiting misfit corresponding to spontaneous generation of complete disloca- 


This spontaneous generation is only possible at th# edge of the layer, and, of course, 
becomes impossible when any flat region of the surface is completely covered. 
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tions (displacement vector "a ) does not depend at all on the actual shape 
of the potential curve, but only on its maximum variation Wo, according 
to the formula i/Po = i/li, where = (yLa^/ 2 Wo}^. This result was shown 
to be completely general, holding for any shape of periodic potential curve 
of wavelength a. The effect on the critical misfit corresponding to the state 
of lowest energy of the system is to increase this misfit ; the increase having 
a maximum value of approximately i‘2 times the original value at = o. 
This corresponds to a shift of the critical value of 9 % to approximately ii % 
(assuming Wo to remain constant). We may therefore conclude that the 
actual shape of the potential curve is of secondary importance in embryo 
formation, and that it is its maximum variation Wo which is the important 
factor. Note that W always occurs in the ratio TYo/jx. We shall come back 
to the significance of Wq and Wo/y^ when we discuss the experimental 
evidence. 


P 



Fig. 3. 

O denotes troughs of potential field. 

+ denotes suitable troughs for fitting of deposit units. 

o denotes natural positions of deposit units. 

0 —angle through which the monolayer must be sheared to fit on the substrate. 

Having described the conditions necessary for the formation of an embryo, 
the next step is to explain how an oriented deposit can grow from it. This 
embryo is a suitable substrate for the formation of another embryo on it, 
provided the binding between deposit atoms is not weaker than their binding 
on to the substrate. If the atomic pattern of the embryo, and hence that of 
the substrate, resembles the atomic pattern of a plane in the normal lattice 
of the deposit (e.g., when the two lattices are isomorphic), it is possible 
for a stable, macroscopically thick, oriented film to grow by repetition of 
this process of embryo formation. This assumes, of course, that any flat 
region of the surface is completely covered by the first monolayer before the 
second layer is appreciable (see below). 

Since the formation of a monolayer is really a process of adsorption on 
the substrate, it is the pattern of potential troughs, i.e., positions of minimum 
potential energy, of the deposit atoms in the substrate field, rather than the 
atomic pattern of the substrate surface, which must resemble the atomic 
pattern in a plane of the deposit structure. To realize the need of this 
distinction it is only necessary to consider the case of a neutral argon atom 
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on the (001) face of NaCl, for which the potential troughs are at the centres 
of the small squares having alternately Na+ ions and Cl"" ions at their 
comers,* as compared with the case of a K+ ion on the same substrate for 
which the potential troughs are presumably on top of Cl“ ions. This 
example also shows that, for the sake of generality, it is convenient to speak 
of deposit or substrate ** units,** since these can be atoms, molecules, ions, etc. 
An illustration of a more general case of fitting deposition units in substrate 
potential troughs is shown in Fig. 3. 

Note therefore that a difference in the shapes of corresponding patterns, 
e.g., a shear as in the Fig. 3, also represents “ misfit,** measured by tan 0 . 
This case is in fact covered by the theory.^ The orientation of alkali halides 
on NaNOg with tan 0 = o*2i is an example. 

The thickening of films will, however, certainly cause the generation 
of dislocations at free boundaries of an initially undislocated film, since the 
energy to compress the thick film will be much greater. For example, a double 
layer will have a critical misfit of the order of (2)“* times that of a monolayer 
(taking (x for a double layer to be twice that for a monolayer). However, 
once the embryo covers the whole flat area, it no longer has “ free boundaries 
on a flat substrate,*’ since it will also be completed around comers and edges, 
thus pinning the boundaries to the substrate. It is therefore possible for 
a stable oriented film to grow pseudomorphically with the substrate. 

Even if, during the early stages of growth, spontaneous generation of 
dislocations does take place at free boundaries in planes parallel to the 
substrate, the initial orientation will be preserved in subsequent layers 
provided the dislocated layer is at least a few (say, of the order of four) 
monolayers thick, for the irregularities in the atomic pattern existing at the 
centres of dislocations will be largely smoothed out over this thickness. We 
know, on the other hand (if spontaneous dislocation does not take place 
during the early stages of growth), that the large strain, permissible in thin 
layers, cannot persist into films of indefinite thickness ; a fact also well 
established in experiments showing that pseudomorphic growth was no 
longer observed in sufficiently thick films.^^ It will be impossible to grow 
macroscopically thick films with more than, say, o*i % of strain, corresponding 
to the yield stress of the bulk material. Hence thickening of films must 
necessarily be accompanied by transition processes which make the bulk 
of thick deposits strain free. 

These theoretical ideas are in good general agreement with experimental 
observations. The fact that pseudomorphic overgrowth is observed seems 
to show that there arc cases in which slip docs not take place during the early 
stages of growth. Amongst the most striking examples are the cases of A 1 
on Pt and ZnO on Zn.^®'* Similar tendencies were observed in over- 
growths of MgO on Mg, Ni and Co on Cu,^‘^ and in the experiments of 
Finch and Sun,® where the abnormal crystal orientations of very thin films 
were in general such that the atomic population density in the orientation 
plane of the deposit approached that in the substrate surface. More experi- 
mental observations on very thin films would be very useful. 

In all cases, whatever the mechanism of the slip process, some residual 
stresses are likely to remain. There is plenty of experimental evidence for 
this ® ® from the behaviour of stripped films, though one must always 
consider the possibility of strains caused by the stripping process. 

* Orr, Trans. Faraday Soc., I939. 35f 1247. « 

* Finch and Quarrell, (a) Proc. Physic. Soc., 1934, 4^» 148 ; (h) Proc. Roy. Soc. A, 

I939> 141. 398 ; (c) Trans. Faraday Soc., 1935, 31, 1051. 

* Menzer, (a) Naturwiss., 1938, 36, 385 ; (6) Z. Krisi., 1938, 99, 378 ; (c) 1938, 99, 4x0. 

* Finch and Sun, Trans. Faraday Soc., 1936, 32, 852. 

* Goche and Wilman, Proc. Physic. Soc., 1939, ^,625. 
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The most important effect of the strain transition process is the possibility 
of a loss or change in the initial orientation. If this process takes place 
through slip in planes parallel to the substrate, as we assume is the case in 
experiments ^ ® where the orientations of the small deposit crystals are 
determined under the microscope, such a loss is not very likely. If, however, 
the slip takes place simultaneously in planes inclined to each other, a loss 
is likely to occur. This was presumably the case in the experiments of Finch 
and Sun ® ; the initial regular orientation became almost random with 
sufficient film thickness. The transition process can, however, also take place 
through the growth of an unstrained bulk film on the thin strained part of 
the overgrowth at the contact surface. Detailed calculations by Menzer* 
(confirmed by Goche and Wilman ® in the case of Ag) on observations of Ag 
and Ni films on NaCl ® showed that the bases of the deposits consisted of 
small crystallites (in four orientations rotated through 90®) having (221) 
faces in contact with the substrates. The bulk of the film, growing on these 
crystallites, is twinned on the (in) faces with respect to the crystallites 
and has an orientation parallel to that of NaCl. The corresponding misfits 
(9 % for 7 % for Ni) in the contact plane thus also lie within the tolerance 
limit, which is not the case for the misfits (—27 % for Ag, —38 % for Ni) 
suggested by the orientation of the bulk of the overgrowths. Many of 
the orientations of metallic overgrowths on ionic crystals are likely to belong 
to similar t5rpes, and are therefore given in a separate table (Table II). 
These orientations are in general such that better fit can be achieved by other 
orientations, as was shown by Thomson for some cases. These con- 
siderations, together with the fact that deposits on a random substrate 
have a tendency to expose a definite plane, show that one cannot be certain 
that the orientation of an overgrowth is the same as that of the initial embryo. 

If we assume that strong adsorption of the overgrowth on to the substrate 
can in general be expressed by a large Wo, then it is in agreement with the 
theory that strong adsorption is an essential condition for preferred 
orientation, as has been established by various workers is 14 is ^s 

a result of experiments on “ partners '' (combination of deposit and 
substrate) which yielded no oriented overgrowth in spite of ideal geometrical 
conditions. The binding in the adsorption processes was of various types, 
e.g., through a hydrogen bond, through dipoles, etc. Willems, having 
drawn the general conclusion that, for oriented overgrowth to take place, 
there must exist the possibility of a strong chemical bond between the 
imits of the overgrowth and the corresponding units of the substrate, 
confirmed it experimentally. 


’ Neuhaus, Z. KrisL A, (a) 1941, 103, 297; {b) 1943, 105, 187; Naturwiss., (c) 1943, 
3*. 33 ; (d) 1943. 3t, 387 ; (e) 1944, 3a, 34 ; (/) 1948. 35, 27 ; (g) Z. phvsik. 

Chem. A, 1943, 191, 359 ; (h) 1943, 192, 309 ; (i) Neiis. Jb, Miner., Geol., Paloort, 
1943, 78, 189 ; (7) Z. Elehtrochem., 1944 press). 

® Willems, Z. Knst. A, {a) 1938, 100, 272 ; (6) 1943. .53 ; W 1943» ^44 I 

(d) 1943, 105. 149; {e) 1943, * 05 ' 155; Naiurwiss., {f) 19^1, 29, 319; C?) I943» 
31, 146 ; {h) 1943, 31, 208 ; (i) 1943, 232 ; (;) 1943' 3*' i W i944» 3*' 

324 ; {/) Ber., 1943 (in press) ; (m) Kolloid - Z ,, 1940, 90, 298. 

’ Briick, Avn. Physik, 193G, 26 (5), 233. 

Thomson, Proc. Physic Soc., 1948, 61, 403. 

Sloat and Menzies, /. Physic. Chem., 1931, 35, 2005. 

“Seifert, Fortsch Miner., (a) 1935, 19, 103; (6) 1936, 20. 324; (c) 1937, 22, 185; 

Z. Krist. A, (d) 1937, 9®- m ; W 193^, 99. 16 ; (/) 1939. lOO, 120 ; (g) 1940, 

102, 183. 

“ Heintze, Z. Krist., 1937, 97 . 241. 

Royer, Bull. Soc. franc. Miner., {a) 1928, 51, 7; Compt. rend., (6) 1925, 180, 2050; 
( c ) 1932' *94' ^>20 ; { d ) 1932, 194, 1088 ; (e) 1933, *96' 282 ; (/) 1933, 196. 552 ; 
te) 1937. ao5, 1418. 

Vineyard, Physic. Rev., 1942, 61, 100. 
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Amongst the most interesting experiments for the present theory, from 
the point of view of binding, are those on ionic partners. These experiments 
show that the limiting misfits, in cases where both partners are ionic, are 
much greater than when one of the partners is not ionic. This indicates that 
the electrostatic forces are the important binding components in these cases. 
These experiments provide special opportunities to test conclusions from the 
present theory, if we make the following assumptions — 

(i) The electrostatic binding is the important factor in the adsorption 
energy. 

(ii) Stronger adsorption, and hence larger Wq, can be attained by {a) using 
solvents (from which to deposit overgrowth) of lower dielectric constant 
and (6) closer approach of deposit units to the substrate, which will be the 
case if the ionic radii of the deposit units and/or those of the substrate, are 
small. Hence preferred orientation for partners, having misfits in the region 
of the tolerance limit, will be sensitive to small variations in Wq, i.e., partners 
which do not orientate under certain conditions will do so under conditions 
for which Wq is greater. Thus Willems,®*" Sloat and Menzies^^ established 
that the tolerance limit could be increased by using solvents of lower dielectric 
constants. In the case of Sloat and Menzies, this was as much as 7 %. They 
also showed that NaCl had an appreciably greater orientating ability than 
KCl. This is to be expected since the ionic radii are 0*98 A for Na+ and 
1-33 A for K+, thus making Wq (for NaCl) greater than Wo (for KCl). 

In the preceding we have assumed that the properties of the original 
simple model (identical balls, i.e., a single Wo) also apply for compound 
overgrowths (non-identical balls). Only the fact that the deposition units 
(ions in a special case) are of different size is sufficient justification for the 
use of Wq = Wi, for the one unit, and Wq = IVg, for the other unit, where 
W^ 4: W This problem has been solved by using parabolic arcs in the 
potential representation, since it could not be solv^ for a Fourier repre- 
sentation. The resulting expressions show that the corresponding limiting 
misfits increase with (IFi -1- W^I\l, 

It is also in agreement with the theory that the limiting misfits in the case 
of ionic overgrowths should be greater than that for metallic overgrowths 
(assuming the adsorption is not much different), since the compressibilities 
of the former are much greater than those of the latter. In particular, 
oriented overgrowth with very large misfits is observed in the case of oxides 
and iodides — a fact which we can connect with the particularly high com- 
pressibilities of these large anions. 

The general problem of oriented overgrowth of a non-isomorphic deposit 
on various surfaces of a substrate is exceedingly complicated, but from 
similar theoretical considerations as those above one may anticipate that 
a preferred orientation can exist when there is a similarity in spacing in one 
row of closely packed units in each lattice, as concluded by various 
workers.® Seifert, in his work on oriented overgrowth of ionic 
partners, came to the conclurion that one-dimensional lattice fitting for a row 
of closely spaced ions of ah- mating sign is sufficient to give rise to oriented 
overgrowth. 

I am indebted to Dr. F. C. Frank and Prof. N. F. Mott for their keen 
interest in this work and their many valuable suggestions, I also have to 
thank the South African Council for Scientific and Industrial Research for 
a grant and special leave, which rendered it possible to perform this researcm 

H. H. Wills Physical Laboratory, 

University of Bristol. 

van der Merwe (to be published elsewhere). 
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MONOLAYERS AND ORIENTED OVERGROWTH 


Tables 

In Tables I to III— * 

Column I gives the substrate material, the exposed crystal face and a reference 
axis lying in this face. 

Column 2 gives the material deposited, the crystal face in contact with the 
substrate, and the crystal axis parallel to the reference axis in column i. Where 
the face and/or axis in either column i or 2 is missing it is supposed to be that 
just above it. 

Column 3 gives the percentage excess of the lattice spacing of the deposit, 
relative to the substrate ; in the case of non-isomorphic relationship, the misfits 
in two orthogonal directions are given. 

Column 4 gives the literature by number, and remarks by numbers with 
asterisks. 

The underlined entries give a few of the numerous cases in which oriented 
overgrowth was not observed under conditions closely comparable with the 
preceding analogous cases. The misfit is calculated in these cases for the 
orientation given. No attempt has been made to give an exhaustive list of 
negative cases. 


TABLE I 


Cases in most of which Normal Oriented Overgrowth is Believed to Occur 


Substrate 

Deposit 

1 

Misfit % 

Literature -f 
Remarks 

Pt 

(hi) [no] 

Al* 

(in) fiTo] 

3 

Zb\ I* 


Au 


4 

3^ 

Pt 


Zn 


-4 

3^ 



Mr 


16 

3^> 


(no) [001] 

Cu 

(no) [001] 

~8 

5 



Co 


10 

5 



Ni 


1 1 

5 

Cu 

(III) [ITO] 

Cr 


2 

18 


Co* 


— I 

18; 2* 



Ni 

(in) [no] 

-3 

18 ; 3*. 2* 



Ag 


13 

18 

Cu 


Zn 


4 




Cd 


16 

18 


(no) [noJt 

Au 

(no) [iTo] 

13 

5; 4* 


(III) 

Fe 


12, ~9 i 

5 

Au 

(100) [on] 


(100) [010] 

0 

5 


(III) [no] 


(no) [001] 

0, 18 

5 


(100) [010] 

Co 

(100) [oio] 

-13 

5 


(III) [lT0]t 


(in) [no] 

-14 

5 


(100) [on] 

Ni 

(100) [010] 

24 

5 


(in) [iTo)t 



6, 24 

5; 5 * 



Ag 

(in) [iTo] 

0 

5» 9 



Pt 


-*4 

5 



Cu 


-13 

5 

Pd 

(100) [ooi]t 


(100) [001] 

-7 

5 


[on] 

Fe 


4 

5 


(no) [no] 

Au 

(no) [ITO] 

12 

5 



Cu 


3 

5 

Ag 

(001) [100] 

Fe 

(100) [001] 

i 5 » -19 

5 

Au 

(001) [100] 

0 

9 

Cu 


CujO 

18 

9, 19 a, 20, 21. 






22, 23. 24: 
6 *. 2* 

a-Fe 


FeO 

[no] 

6 

iga,b 

Mg 


MgO 

(in) [iTo] 

-7 

3b; 2* 

Pd 


PdO 

(001) [100] 

n 

24 






(CoMl. 
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Substrate 

Deposit 

Misfit % 1 

! 

Literature -f 
Remarks 

Zn 

(0001) [lolo] 1 

ZnO 

(0001) [lOTo] 

20 

1 

^ a, b ; I* 

Ag 

(ooi)t [ioo]t 

AgjO 

(ooi)t [lOOjt 

12 

i 

25 

Ag 

(001) [no] 

AgBr 

(001) [100] 

0 

' 

25 



AgCl 


-4 

i 

17 



Agl 


13 


17 

Cu 


CuCl 


6 

i 

17 

Ag 

[100] 

AgBr 

(III) [iTo] 

0, —14 

1 

1 

17 



AgCl 


- 4 i -r? 


17 

Cu 

[ITO] 

Cul 

[TT2] 

-3 

1 

22 


(111) 

CuBr 

[ITO] 

-9 

i 

22 



Cu,S* 


12 

1 

22 ; 2*. 7* 

Ag 

(001) [010] 

NaCl 

(001) [no] 

-3 


b. 9 


[100] 

NHjBr 

[100] 

I 


1 1 



CsCl 


— I 

! 

1 1 

Ag 


NH4CI 


5 

1 

1 1 

NaCl 

(001) [100] 

NaBr 

(001) [100] 

6 


n. 14 



NaCN 


6 


n, 14 



Nal 


15 


n, 14 



KF 


-5 


n, 14 



KCl 


12 

' 

n, 14 



KCN 


16 

1 

n, 14 



KBr 


17 

j 

n 



KI 


25 


1 1 



LiCl 


-9 


n, 14 



LiBr 


-3 


n, 14 



AgCl 


I 


n, 14 



AgBr 


3 


*4. H 



AgCN 


3 





Kbl 


30 


14, 14 



NH4CI 


16 


^4 



NH4Br 


23 


14 



NHJ 


29 


14 



PbS 


6 


14 

NaCl 


! NaF 


-18 

j 

14 



RbCl 


17 


14 

KCl 


KCN 


4 


14. 



KBr 


5 


14, 14 a 



KI 


12 


14 



NaCl 


— 10 

1 

n, 14 a 



NaBr 


“5 


n, 14 a 



NaCN 


-5 


n, 14 a 



Nal 


3 


n, 14 



AgCN 




n, 14a 



AgCl 


— 12 


n 



AgBr 


—8 


n, i^a 



LiBr 


-13 


n, 14 a 



NH4CI 


4 


n 



NH4Br 


10 


II 



NH4I 


15 


n 



RbCl 


5 


1 1, 14 a 



RbBr 


9 


11, 14 a 



Rbl 


17 


II 



PbS 


5 


II 

KCl 


KF 


-15 


II 

TICI 


llBr 


4 


26 d 

TlBr 


Til 


6 


26 d 

AgCl 


AgBr 


4 


26 6 • 

TlCl 


AgCl 

[110] 

—2 


26 d 

TlBr 


AgBr 


3 


2b d 

TlCl 


TII 


10 


26 d- 

AgBr 


AgCl 

- 

-4 


26 d 


[Cont, 
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MONOLAYERS AND ORIENTED OVERGROWTH 

TABLE I {Continued) 


Substrate 

Deposit 

Misfit % 

Literature 4- 
Remarks 

AgBr 

(III) [ITO] 

Agl 

(001) [100] 

13 

26 c 

PbS 

(001) [100] 

NaCl 


-6 

II, 14 a 


NaBr 


— I 

II, 14 a 



NaCN 


— I 

II, 14 a 



Nal 


8 

II, 14 a 



KCl 


5 

II, 14 a 



KCN 


10 

II, 14 a 



KBr 


10 

II, 14 a 



KI 


18 

11 



AgCl 


-7 

II, 14 a 



AgBr 


“4 

II, 14 a 



RbCl 


ib 

II, 14 a 



RbBr 


15 

II, 14 a 

PbS 


LiBr 


-8 

II 



NH4I 


21 

II 

MgO 

(ooi)t [loojt 

NaF 

(ooi)t [looJt 

10 

15 


LdF 


-5 

15 

MgO 


NaCl 


10 

15 

FeO 

(001) [looj 

FejOj 

(001) [100] 

-3 

19 b 

FCgO^ 

FeO 


3 

19 b 

ZnS 

(no) [Tio] 

Zno 

(10T3) foioo] 

16 

12 q ; 8* 

a-AljOj 

(1120) [0001] 

NiO 

(in) [II 5 ] 

-7* 

27 ; 9* 

(10 li) [r—e*] 


(no) [iTo] 

0, 16* 

27 ; 10* 

CaCoj 

(100) [oioj 

NaNOa 

(100) [010] 

I 

28 


NaCl 


— 12, 21 

14/. n* 



NaBr 


“7 

14 t 



Nal 


I 

14/ 



KCl 


— 2 

14/ 



KBr 


3 

14; 



Kl 


10 

14/ 



RbCl 


3 

14/ 



RbBr 


7 i 

ny 

CaCOa 


KbT 


14, / = 21 

14/ 

NaNO, 


NaCl 


-i 3 i t 23 

13, 14; ; II* 



NaBr 


{ 

00 

II 

ro 

13. 14/ 



Nal 


II 

6 

13. 14/ 



KCl 


-3. i — 23 

13. 14/ 



KBr 


2, ^ = 23 

13. 14/ 



KI 


9, 23 

! n , 14/ 



LiCl 


-21, /= 23 

13 



LiBr 


-15 

13 

KCiO. 


KMnOa 


-3 

31 

NH4CI 

(001) [100] 

Urea 

(001) [no] 

4 

29 

NH^Br 




I 

29 

KCl 

(in) [iTo] 


(in) [no] 

10, —17 

29 

NaCl 




-7 

29 


(001) [100] 


(no) 

I, 15 

29 

KBr 

(in) [no] 

Urea 

(in) [no] 

14, 21 

29 

ZnS 

(no) [no] 

Thiourea 

(oio) [001] 
(lOl) [010] 

12, 2 

0, —6 

if 

7 /■ 


[001] 


(001) [100] 

I, 0 

14 d 

PbS 

(oox) 

( 001 ) [iio| 


(100) [00 1 J 

3. -8 

1 f 

NriCl 

A* 

(010) [00 t] 

-I, 23 

Sf; 12* 

NaNOs 

(100) [oil] 

a-H* 

(loTo) [0001] 

10 , II 

86; 12* 



[i-H* 

7 » -2 

14 d ; 12* 



1 a-H 


10, 13 

86 



P-H 


II, I 

14 d 

Siderite 


a-H 


2, 19 

1 86 

Khodochrosite 



2, 19 

86 

Zincspar 




0, 21 

86 

Magnesite 



2, 21 

86 






[CorU 
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Substrate 

Deposit 

Misfit % 

Literature -f- 
Remarks 

Dolomite (100) [on] 

a-H 

(loTo) [0001] 

4, 16 

8ft 

Baryte 




3. 3 

8 e 

(001) 




3» —12 

8 e 

Celestite (100) 




6. 7 

8 ^ 

(001) 




6. -16 

Se 

♦CaCOfl (100) 

m 

d-G 

(b-c) [c-axis] 

-8, 0 

8ft; 13* 

♦Sideritc 


S-a 


0. 4 

8ft; 13* 

Urea 

[no] 

NH4CI 

(001) [100] 

-4 

29 



NH4Br 


~ I 

29 

Mica 

[loo] 

Nal 

(III) [no] 

— 12 

30 

(Muscovite) 


KCl 


-14 

14 



KBr 


— II 

n, 30 



KI 


-4 

14. 



UbCl 


— 10 

14 



RbBr 


-6 

14 



Rbl 


0 

14. 30 



KMnO^ 

(001) [010] 

i II. 2 

14 ft 



KCIO4 


1 10. -I 

14 ft 



NH4CIO4 


1 13. 4 

14 ft 

Chlorite 


KMnO^ 


i 8 , I 

14 ft 



KCIO4 


t 7 ' 

14 ft 



NH4CIO4 


1 9> 0 

14 ft 

Mica 


a-H 

(1120) [oooi] 

1 9. 6 

8 ff 

(Muscovite) 

[no] 



j 8, 7, / = 0 

8 c 


[oio] 

Thiourea 

(010) [001] 

~ 4 > b 

1 7/ 



MgS047H20 

(100) [00 1 j 

I 

14 ; 14* 

Mica (00 1 ) 

[120] 

MnSO^^HgO 


0 

! 14^; 14* 

(Muscovite) 


NiS04*7HaO 


0 

14^; 14* 

Gypsum (010) [301] 

Urotropins 

(no) [110] 

I, 8, / = 14 

8^?; II* 

CaFj (m) [110] 

LiCl 

(in) [noj 

—6 

33 



LiBr 


0 

33 



NaCl 


3 

33 



1 NaBr 


1 8 

i 33 



KCl 


! 14 

1 33 



! KBr 


i 

33 


I*. Pseudomorphic overgrowtli. 

2*. Pseudomorphic tendencies. 

3*. Orientation does not persist in thick films. 

4*. Direction on plane denoted by f is not given by the authors, and thus 
assumed to be that given. 

5*. All potential troughs (face-centred cubic and hexagonal) are assumed 
to be occupied by deposit units. 

6*. CugO has tendency to expose (no) face. 

7*. CuaS deposit has cubic symmetry’, thus differing from normal structure. 
(Pseudomorphism ?) 

8*. Author explains t5^pes of orientations on different faces of ZnS. 

9*. “ Fit ’’ oxygen atoms against each other. 

lo*. Half of deposit units (when deformed for “ ht ") are on potential crests. 

II*. / == tan 6 (in %), where 0 — angle through which to shear deposit pattern 
in order that it might resemble the substrate pattern. 

Two orientations differing by 0. 

12*. A ^ anthraquinone ; a-H == a-hydroquinone ; p-H ^ P-hydroquinone, * 

13*. == <3f-glucose ; S -a = salicylic acid; (6-c) ^ plane through ft- and 

c-axcs ; dl = long face-diagonal. 

14*. Of the deposit units (when “fitted “) 1/3 are on potential crests, 1/3 on 
intermediate positions and 1/3 in troughs. 

^ rhombohedral edge. 
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TABLE II 


Cases, in many of which a Variety of Orientations Occur, in which it is 
Suspected that the Final Orientation is Established through Intermediate 
Layers of Different Orientation, analogous to the Cases Analysed by Menzer* 



Substrate 

Deposit 

Misfit % 

j Literature -f- 
Remarks 

NaCltt 

(001) [100] Ag 

(001) [lOOl 

—27 

9; tti 


[no] 

(in) [no] 

26, —27 

i 9 


[no]t 

(221)* 

9, 9 ** 

! 4, 6 ; 2*, 3** 


[ioo]t 


3 

! 4 


[100] 

(001) [100] 

— 38 or 24* 

i 9 ; 4* 


[iioJt 

(221)* [iTo] 

- 7 . - 7 ** 

j 4 ; 2*, 3** 


[100] 


— 12 

; 4 


[no] Au 

(in) [iTo] 

25, —28 

: 9 


A 1 


24, —28 

! 9 


[100] Cu 

(001) [100] 

— 36 or 28* 

9 ; 4 * 


[no] Co 


— n 

9 


[100] Pd 


— 31 

9 


[no] 


~3 

24 


Fe 


-28 

1 9 


[100] (a) 


I 

1 34 a, 6 


(b) 

(no) [Tio] 

I, —28* 

! 9, 34 a. b; 4’* 


[i 10] {c) 

(001) [100] 

-28 

1 34 a, b 



(in) [tT2] 

2, —12* 

1 34 ^ ; 4 * 


[OTO] 

(210) [T2T] 

2 , X* 

; 34 6 ; 6* 


[no] Cr 

(no) [001] 

2, —28 

1 34 ^; 9 



(in) [tt2] 

2, —12* 

34 ^; 4 * 



(210) [001] 

— 19, —28 

34 

NaCltl 

Cr 


2 ; —28 ; 2, 

34 5 * 




-28 



Mo 


n ; — 21 ; n, 

34 <i; 5 * 




—21 

1 

1 

KCltt 

Fe 


—9 ; 29 ; —9, 

34 « ; 5 * 




29 ' 


KBrft 



— 12 : 23 ; 

34 5 * 




— 12, 23 


Kill 



“ 19 ; 15 ; : 

34 « : 5 * 




— I 9 i 15 


NaCltt 

(001) [100] Mo 

(in) [iTo] 

12, X 

34 d ; 6* 



(331) 

— 21 , X 

34 d \ 6* 

KCltt 

Ag 

(001) [100] 

30 

9 


[no] 

(in) [lio] 

13 

—9 


[100] Pd 

(001) fioo] 

24 1 

“9 


Ni 


13 1 

— 9 

M0S2 

(0001) [loTo] Ag** 

(in) [no] 

9 

35 ; 7 ** 

ZnS 

(no) [no] 

(no) 

25 

35 

PbS 

(100) 

(100) [001] 

32 

35 

FeSj 



24 

35 

Mica** 

(001) [100] Au 

(in) [iTo] 

10* 

36 ; 4*, 7** 


[oioj 


“ 4 * 

3 h; 4* 


[100] Ag 


lO* 

3 b; 4 * 


[010] 


- 4 * 

3 b ; 4 * 


[looj Pd 


7 * 

3 b; 4* 


[010] 


7 * 

3 b; 4 * 

ttCaCOj 

r* fioo] Au 


— 5 . ^ 

3 b; 7 ** 


Ag 


— 5 . ^ 

3b 


Pd 


— 10, X 

3 b 


It I- The potential troughs of the ionic crystals are assumed to be at the centres 
of the small squares (parallelograms for CaCOg) having at their corners 
alternately negative and positive ions. 

2*. This was shown to be the true orientation of deposit at the contact surface.. 
3*. Three Ag (or Ni) atoms are fitted against two Na+ ions. 

4*. Half of deposit units on potential crests. 

5*. The first misfit, e.g., -9, corresponds to orientation (a) the second, 
e.g., 29, to (6) and the third, e.g., -9, 29, to (c). See Fe on NaCl. 

6*. AT = bad pattern and bad fit for a direction perpendicular to that for which 
the misfit is given. 

There are indications that the orientation towards the contact surface is 
different from that in the bulk deposit. 
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TABLE III 

Cases of Oriented Overgrowth in which there appears to be Fit in One 

Direction only 


One-Dimensional “Fitting’' 



Substrate 


Deposit 

Misfit % 

Literature -f- 
Remarks 

Au 

(no) Tool] 

Fe 

(100) [001] 

p 

w 

0 

5 

Pd 

[TIO] 

PdO 

[010] 

11, 3b 

24 

Ag 

(001) [100] 

NaCl 

(in) [iTo] 

-3. 69 

9 

NaCl 

[no] 

/Thio- 

(010) [looj 

8, 40 

7/ 

Mica 

[010] 

\urea 

(100) [001] 

-4. 50 

7 f 

NaNOg 

[100] 

(100) 

Urea 

NaCl 

(in) [no] 

8. -50 

— I, .V 

7/ 

13 ; I*, 2** 

NaNOa 

* 1 
* 

g 

1 

KCl 

LiCl 

KBr 

KI 

Nal 

(See also Tables I and II 

10, A' 

— 10, X 
—8, X 

— I, X 

10, X 

1 13 

13 

13 : 2** 

13 

13 


I*. X — bad fit, bad pattern. 

2*. ds — short face-diagonal, dl = long face-diagonal. 


TABLE IV 

Recorded Cases of Oriented Overgrowth for which Details are Lacking 


Oriented overgrowth in the following cases has also been established : 

Royer 

NH4CI, NH^Br, LiNO,, KNO„ K2Zn(CN)«, KaCd(CN)4, KPF,, RbPF,, 
CsPF*. NH4PF* on mica. 

Willems ** 

A. Organic compounds on organic compounds. 

Pentachlorphenol, aniline, pentabromphenol and anthracene on (001) of 
chloranil.®^ 

p-naphthol, P-naphthylamine, benzidine, anthracene, phenanthrene, fluorene, 
pyrene in molecular compound with hexachlornaphthoquinone on hexa- 
chlornaphthoquinone (unpublished). 

Coronene (uncertain whether in compound with picric acid) on (010) of 
picric acid.®« 

Anthracene on (oio) of aminophenol.®> 

3 -hydroxypyrene, ^-nitrophenol, pentachlorphenol on (no) of urea, and 
pentachlorphenol on (010) of dioxopiperazine.*i 

B. Organic compounds on metallic salts (and hydrates of metallic salts). 
Succinic acid, ^-aminobenzoic acid, pentachlorbenzoic acid on (100) of 
alkali halides, e.g., NaCl."f 

Hexamethylenetetramine on (010) of gypsum.s^.rf 
Pentachlorphenol, pentabromphenol on (100) of alkali halides. 
a-hydroquinone, />-hydroxydiphenyl, :^,/>'-dihydroxydiphenyi, 3-hydroxy- 
pyrene, pentachlorphenol on (loo) of the carbonates of the calcspar series ajad 
NaNO,.8 ^ ^ 

a-hydroquinone and pentachlorphenol on a series of micas. 

Pentachlorphenol on (001) of Pennin and on KCIO,, gypsum, anhydrite, 
bournonite.*» 



2i6 thin aluminium FILMS ON IONIC SUBSTRATES 


condensing it on an independently heated substrate. With a suitable slit system 
a uniform, concentrated, direct molecular beam resulted. The arrangement 
of the source, slits and substrate is indicated by items 2 and i in Fig. i. 

The substrate (item 1) was mounted 25 mm. above the source in a copper 
frame which held it in place against an externally heated copper block. In 
this manner the lower face was exposed to the beam and maintained at the 
desired temperature by heating from the upper face. The temperature was 
regulated to i % by a proportionating potentiometer controller. The substrate 
consisted of a square plate of an ionic salt approximately 5 mm. on the side 
and I mm. thick. A freshly cleaved face was exposed just prior to a run. A 
thermocouple probe in contact with the lower face of the substrate indicated 
the film temperatures. Two additional platinum probes 2-0 mm. apart were in 
contact with the surface. The appearance of the first few layers of the film 
was indicated by the sudden decrease in resistance measured between the probes. 



Fig. I. — Vacuum evaporator : (i) Substrate ; (2) Molecular beam source ; (3) Furnace ; 
(4) 1 8-in. glass bell-jar ; (5) Right-angle neoprene gasket; (6) Polished steel 

plate ; (7) High-voltage cathode-5000 V ; (8) 4-in. packless valve ; (9) 2-in. 

packless valve; (10) Manifold; (ii) Purified gases; (12) Holding pumps; 
(13) High-capacity diffusion pump ; (14) Shock mount ; (15) 200-lb. weights ; 
(16) Thermocouple pressure gauge ; (17) Ionization gauge ; (18) Temperature 

controller ; (19) Electronic heater ; (20) Electrical ground. 


The source (item 2) of the beam was a small tantalum crucible located directly 
below^ the substrate. The microcrucible held a charge of 100 mg. The inside 
diameter of the crucible was 3 mm. but the beam was actually emitted through 
a 01 mm. orifice in a tantalum cap placed over the top of the microcrucible. 
The cap prevented splattering and also promoted thermal equilibrium of the 
atoms before they were emitted. The charge was outgassed by prefusing in situ 
before evaporating during which time the substrate was protected by an externally 
manipulated shield. 

The heating of the crucible was very satisfactorily effected by an arrangement 
for direct electron heating indicated in Fig. 2. The crucible is shown with the lid 
off as item i . Electrons emitted from an incandescent 30 mil. tungsten filament 
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(item 2) around the crucible are accelerated by a positive potential towards it. 
A tantalum shield (item 3) around the assembly reduced heat losses and another 
tantalum lid (item 4) shielded the substrate from direct exposure to the filament. 
The temperature of the microcrucible could be accurately adjusted and main- 
tained at any temperature up to 1500® C within 2-3 % by regulating the filament 
emission and the accelerating potential. This high fidelity temperature control 
is necessary in the determination of the substrate temperature-condensation 
pressure relationship for various substrates. The substrate was tied in at the 
same potential as the crucible to eliminate the possibility that metal ions formed 
in or around the crucible may be spuriously accelerated towards the substrate. 



Fig. 2. — Electronic heater: (i) Tantalum crucible; (2) Tungsten filament; (3) 
Tantalum shield ; (4) Tantalum lid ; (5) Nickel leads ; (6) Crucible electrode ; 

(7) Stainless steel ; (8) Mykroy spacer ; (9) Filament electrodes. 

In the measurement of critical condensation pressures the crucible tem- 
perature was slowly increased until the rate of evaporation of the aluminium 
was just enough to cause condensation on the substrate for a given base tem- 
perature. The rapid decrease in the film resistance between the probes was 
used to indicate the formation of the initial layer. The process was reversible^ 
that is, a small increase in base temperature for a critical pressure caused the 
film to evaporate. The microcrucible could be readily removed from the crucible 
electrode (item 6) for replacement and the position could be easily lined up by 
adjusting the eccentric at the base. The crucible temperature was measured by 
a Chromel-Alumel thermocouple mounted in the bottom. 



2i8 thin aluminium FILMS ON IONIC SUBSTRATES 


Rate of Condensation. — The condensation rate for a given crucible and sub- 
strate temperature was determined by weighing in situ a thin glass slide hanging 
on a quartz fibre over the molecular beam as indicated in Fig. 3. A sensitive 
quartz torsion microbalance fcicilitated accurate and quick measurements in 
vacuum. The torsion fibre was rotated by magnetic coupling through the 
glass wall. The sensitivity of the weighing was 10“® g. with a 23 mp quartz 
torsion fibre (item 5). The thickness corresponding to weight increments was 
calculated for a constant area assuming the film to be flat and continuous and 
the film density to be comparable to the mass density. A microgram corre- 
sponding to a hundred Angstroms thick layer of aluminium for the film was used. 
The condensation rates for various substrate and crucible temperatures were 
calibrated in this manner. 







^10. 3. — Quartz torsion microbalance : (i) Bow fibre ; (2) Static ; (3) Beam ; 

(4) Hang-up ; (5) Torsion fibre ; (6) Hang-down ; (7) Image of index ; 

(8) Graduated wheel ; (9) Single field image ; (10) Substrate ; (ii) Molecular beam ; 
(12) Collimating slit ; (13) Source. 


Examination of the Film : Metallography . — Upon completion of the run the 
substrate was cooled in situ and removed for examination. Reflectivity of the 
surface varied from very mirror-like to cloudy as the film thickness and substrate 
temperature increased. Metallographic examination of the samples was con- 
siderably hampered by their fragility. Where it was possible to observe grains 
without destroying the film the average grain size was two to five thousand 
■Angstroms for a film of the same thickness. 

Structure Determination. — The film structure was determined with X-ray 
diffraction using a surface reflection pinhole technique in a vacuum camera as 
indicated in Fig. 4. A Picker-Waite diffraction unit was used with a water- 
cooled chromium target. The exposure time varied from 2 to 15 hr. for film 
thicknesses from 5000 to 500 A with an accelerating potential of 50 kV and a 
space current of 10 mA. The sample (item 6) was anchored flat on the turntable 
(item 7) and rotated around an axis (item 19) normal to the surface of the sample. 
The axis of rotation was inclined away from the incident beam an amount 
con-esponding to the Bragg angle for reflection from the plane of preferred 
orientation. The camera was particularly designed to suit the geometry and 
orientation imique to the samples studied. The simplicity of tlie film patterns 
mdicated m Fig. 5 a and Fig. 5 b clearly show the advantage obtained. Preferred 
orientation is characterized by segmentation of the lines into local marks as shown 
by the heavy rnarks of five degrees length on the dashed reflection lines in Fig. 5 h. 
The vertical distance from the centre line measures the orientation azimuths 
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characteristic of a preferred orientation. The value of the orientation azimuths 
(<p) can be calculate for any preferred orientation.* 

cos p = cos p sin 0 + sin p cos 0 cos 9 , . . . (i) 

where p == angle between oriented plane and reflecting plane, 

p = angle between normal to oriented plane and incident beam, 
0 = Bragg angle for reflection from reflecting plane, 

9 = orientation azimuth for oriented plane. 

Some values of 9 calculated for reflection of Ka and chromium radiation 
from the (ni), (200) and (31 1) planes of aluminium for (in), (100) or (no) 



Fig. 4. — X-ray vacuum camera : (i) End plates ; (2) Film case ; (3) Entrance beam ; 
(4) Beryllium window ; (5) Pinholes ; (6) Specimen ; (7) Lucite spacer ; (8) Lock- 

nut ; (9) Rotor assembly; (10) Drive- wheel shaft; (ii) Rotor vacuum seal; 
(12) Lead-glass window; (13) Vacuum outlet; (14) Plate nuts; (15) Motor; 
(16) Track clamp ; (17) Exit beam ; (18) Neoprene gaskets ; (19) Axis of 

specimen rotation. 



* Barrett, Siructure of Metals — Crystallographic Methods, Principles and Data 
(McGraw-Hill, New York, 1943), p. 156. 
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orientation are listed in Table i . The kind of orientation can be readily deter- 
mined from the pattern defined by the characteristic values of 9. A semi- 
quantitative value for the degree of orientation with a maximum error of 10 % 
in this determination can be obtained by measuring the opaqueness of the spot 
relative to the integrated opaqueness of the whole line with a Leeds and Northrup 
recording microphotometer. The error is introduced by the assumption that the 
intensity at any one spot on the film is linearly proportional to the amount 
of radiation reflected to that point and is the same for all azimuth angles. 

TABLE I 


Bragg Angles and Orientation Azimuths 
Chromium Radiation on Aluminium 


Radiation 

CtK 

Reflecting 

Plane 

Bragg 

Angle 

(0) 

(HI) 

Orientation 
Azimuths (9) 
(ho) 

(100) 

a 

(HI) 

29*5 

0. 83 

41,109 

64 

p 

(III) 

26-8 

0, 80 

39,105 

62 

a 

(200) 

34*7 

68 

55,119 

1 0, 1 19 

p 

(200) 

31*0 

65 

53,111 

0, III 

a 

(220) 

54-4 

63 

0, 118 

82 

p 

(220) 

47*0 

52 

0, 94 

68 

a 

(311) 

70*0 

95 

104 

89 

p 

(311) 

59*2 

58.142 

63 1 

50 


Results 

Orientation Results : General. — ^A quantitative dependence of degree of 
preferred orientation on film thickness and substrate temperatures was found 
over a considerable range of thickness and temperature for eleven aluminium- 
substrate pairs. It was necessary, however, to make a preliminary evaluation 
of four other factors sufficiently well so as to minimize their influence. The 
pertinent results of the preliminary survey is herewith presented in condensed 
form as a background against which the significance of the quantitative aspects 
can be more intelligently considered. 

Film Growth Rate . — Foremost is the important influence of film growth rate on 
structure. Since the experimental system was not propitiously suited for studying 
this aspect it was maintained at a constant value in all experiments. The 
evaporation rate was adjusted for each substrate temperature corresponding to 
an effective film growth rate of ten to thirty monolayers of aluminium per 
second. In the case of the binding energy determinations, however, the film 
growth rate was not controlled since it w’as only desired to determine the condition 
for minimum condensation. 

Heat Treatment . — Heat treating of the substrates with or without adherent 
metal film caused no striking change in the resulting orientation. The films 
were therefore usually kept at constant temperature during formation and then 
permitted to cool by radiation in a vacuum. Annealing a randomly oriented 
film at elevated temperatures (up to 600° C) in helium resulted only in grain 
growth. Likewise oriented structures were not markedly altered by annealing 
under similar conditions. This temperature stability of the structure is in con- 
trast to the temperature sensitive orientations of thinner aluminium films (400 A) 
previously reported.® 

Gas Atmosphere Effects . — The influence of gases present even at lo'® mm. 
pressure was also considered. The pressure of purified quantities of helium, 
oxygen, nitrogen and hydrogen at low pressures (10”* mm.) decreased the 
orientation to a relatively small extent. The effect was not unique to any one 
gas or substrate and appeared solely to hamper the steady evolution of aluminium 


® Dixit, PhiL Mag., 1933, 16, 1049. 
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vapour. In no case was a gas such as helium observed to improve the film 
orientation as reported by others for thinner films.* 

Substrate Condition , — The contamination of the substrate surface itself by 
the gases previously listed was not considered to be critical. Oriented films 
could be formed on freshly cleaved rocksalt which had been preheated in oxygen 
and hydrogen atmospheres. In all cases, however, the cleanliness of the sub- 
strate was a critical requirement and best results were always obtained with 
freshly cleaved ionic surfaces whose lattices had an arrangement of ions, the 
geometry and dimensions of which showed a certain correlation to that of 
aluminium. The limited number of such salts emphasized the preparation of 
oriented substrates by other means. Even after repeated polishing, etching and 
annealing, use of NaCl and LiF surfaces obtained in this manner was only 
moderately successful. Successful techniques for exposing any desired sub- 
strate orientation in a suitably clean and flat condition would be most useful 
for further studies. 

BASE TEMPERATURE IN HUNDREDS OF DEGREES CENTIGRADE 





Fig. 6. — Approximate film thicknesses in S^ngstroms. Orientation of aluminium 
film deposited on cleavage face of sodium chloride. Each column indicates 
average values for four samples. Dev. ±10%. 


Specific Factors : Film Thickness . — Initial studies made it evident that 
degree of orientation was very dependent on film thickness for all film-substrate 
pairs. This characteristic will be described first since it depended only on 
temperature and film thickness and was general to all substrates. The %-orienta- 
tion for films on the (100) face of rocksalt for various thicknesses and base 
temperatures is plotted in Fig. 6 as an illustration. An exponential dependence 
of orientation on film thickness was observed and the data plotted in Fig. 7 
is a typical case. It is interesting to note that a critical film thickness for 
perfect orientation at each temperature is suggested by extrapolation of the 
straight line to small film thicknesses. A striking temperature dependence is 
also indicated by the distinctly small slope of Curve 2 compared to Curve 3 in 
Fig. 7. The validity of a strong base temperature dependence of %-orientation 
is also indicated in Fig. 8 for a variety of film- substrate pairs. Discussiqp of 
the temperature dependence is, however, temporarily postponed until right after 
the discussion of the thickness effect. 


* Beeck, Smith and Wheeler, Proc. Roy, Soc* A. 1940, 6a, 177, 
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The thickness dependence may mean that the oriented arrangement is constant 
at all points in the film and merely decreases as the film thickens. It seems 
more reasonable to assume that the orientation is strongly dependent on the 
substrate and produces an orientation large at the inner film surface and decreasing 
towards the outer film surface. The latter possibility is in agreement with the 
surface reflection characteristics of X-rays. In this case a disproportionately 
large fraction of the radiation producing the pinhole pattern is reflected from the 
outer planes of the film. A quantitative illustration of this can be presented by 
calculating the intensity of radiation reflected from successive layers of metal 
atoms as follows.® The intensity {It) reflected from a thickness {t) relative to the 
intensity (Id) reflected from an infinitely thick film can be expressed : 


where 




f 


i, = A/oexp~ 4 (^) P (y). 


( 2 ) 


(3) 


neglecting the scattering of the ray after it has emerged from the sample. Here 
/a is the final intensity^ It the intensity upon reflection from a diffraction volume 
element at a depth t below the surface, and /q is the incident intensity before 
entering the sample. The term {^tdjy) is a linear expreSvSion of the total distance 
travelled on the sample when the ray penetrates a depth t and undergoes a Bragg 
angle reflection. The other symbols are : 

k = efficienc}’ constant, unity, 
lo — initial intensity of incident beam, 

((x/p) = mass absorption coefficient, 
p — film density, 

d == interplanar distance of oriented planes, 
t — film thickness penetrated, 

X -- wavelength of X-ray radiation. 

Values of {Ujld) lor a limiting thickness of 5 x 10® A have been calculated 
from eqn. (2) for successive depths of penetration into the sample. The amount 
of radiation from each layer charac- 
terizes the degree of orientation in 
that layer and the over all variation 
of apparent orientation with film 
thickness indicates the decrease of 
orientation with increasing film thick- 
ness. The calculations were made for 
the A’a radiation from a chromium 
target diffracted by the (100) oriented 
planes of aluminium. The results in 
Table II are presented : column 1, 
depth of penetration (A) ; column 
thickness penetrated relative to limit- 
ing thickness ; and column 3, the 
corresponding %-intensity for that 
thickness penetrated over the total 
radiation recorded on the film. 

Although the pinhole pattern is an 
integrated effect of orientation through 
the entire layer, it is obvious that the pattern is a weighted average heavily in 
favour of the extreme surface. For an example, with a chromium target twice** 
as much radiation is reflected from the outer half thickness than the inner half 
thickness of an aluminium film 5000 A thick. Hence in the film thickness study 


TABLE II 

Disproportionate Variation of 
Intensity of Diffracted X-ray 
Radiation with Depth of Penetration 


(>) 

'(A) ! 

1 

(^) 

%L 

1 fli 

( 3 ) 

Id 

5 X 10* 

I 

9 

5 X io» 

6 

: 24 

5 X 10* 

1 23 

1 53 

1 X 10® 

1 

1 7C) 

5 X 10® 

! 100 

100 


® Hess (Institute for the Study of Metals) (private O^mmunication to the author). 
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the orientation of the outer surface was essentially observed. The orientation 
is greatest in the region nearest to the substrate-film interface. 

Suhstrate Temperature . — A base temperature dependence in which orientation 
of the film increased rapidly at some characteristic temperature for each sub- 
strate illustrated in Fig. 8 was typical of all substrates. The less the maximum 
orientation, however, the smaller the dependence on the characteristic tem- 
perature. This is illustrated by the contrast in the curves for (loo) orientation 
on rocksalt and glass. The temperature dependence may mean that the metal 
atoms must possess a minimum kinetic energy corresponding to the observed 
temperature for maximum orientation for them to take up the preferred positions 
suggested by the substrate. The transition of a (no) orientation of the film 
on mica at low temperatures to a (in) orientation at higher temperatures indi- 
cates that a higher minimum mobility is required for formation of the second 
configuration. In all cases the rate at which orientation increased with base 
temperature as well as the maximum value it approached was typical of the 
substrate. It indicates that production of ordered arrangements is governed 
not only by the interaction of the substrate and metal but by a relatively slow 
temperature-dependent surface diffusion process as well. Calculation of activa- 
tion energies for the rate process involved seems premature until the mechanism 
of arrangement is better defined. The characteristic values of base temperature 
and maximum observed orientation are plotted in Fig. 8 for rocksalt, mica and 
glass, and listed for eleven substrates in columns 2 and 4 of Table III. 

TABLE III 

Structure Characteristics of Thin Aluminium Films 


Substrate 

Temp. 

Orient. 

Direct. 

Orient. 

0/ 

/o 

Orient. 

Pressure 
X 10^ 
cm. Hg. 

A 

kc./m. 

A 

kc./m. 

A -A 

kc./m. 

Be 

kc./m. 

Mica 

600 

(Ill) 

87 

0*007 

42 

20 

22 

22 

Mica 

450 

(no) 

75 

1*52 

28 

10 

18 

20 

NaCl . . 

35 « 

(100) 

80 

0*003 

31 

15 

16 

18 

NaCl . . 

350 

(110) 

50 

0*024 

21 

10 

II 

12 

LiF 

400 

(111) 

55 

0*022 

33 

20 

13 

10 

LiF 

' 300 

(100) 

50 

0*012 

25 

15 

10 

10 

CaCOj . . 

300 

(111) 

15 

0*012 

25 

20 

5 

5 

Glass 

400 

(100) 

10 

6000 

15 

15 

0 

— 

CaF, . . 

300 

(111) 

10 

760 

20 

20 

0 

2 

ZnS’ .. 

300 

(in) 

10 

700 

21 

20 

I 

4 

Sodalite . . 

300 

(in) 

10 

700 

21 

20 

I 

2 


Experimental data for mica in the temperature region intermediate between 
the (no) and (in) orientations were inconclusive. It is noteworthy that the 
most oriented configurations corresponded to the higher orientation temperatures. 
This characteristic is a general one for all the substrates studied. It is illus- 
trated by the dashed curve in Fig. 8 in which the orientation temperature as 
abscissa is plotted against the substrate binding energy as ordinate on the right. 
The substrate binding energy, heretofore undefined, is described in a subsequent 
section and shown to be proportional to the percentage of the observed film 
orientation 

Nature of Suhstrate . — From the facts presented so far it seems clear that the 
nature and degree of the observed orientation was critically dependent on the 
substrate. This dependence held in general for all the substrates studied. In 
every case there was a correlation of some kind between the geometry and 
dimensions of the underlying lattice and that plane of aluminium preferentially 
oriented parallel to it. For example, the (100) face of aluminium was the only 
orientation observed on the (100) face of the alkali halide substrates. Similarly 
the (m) planes of aluminium tended to be preferentially oriented parallel to 
substrates with hexagonal cleavage or hexagonal-polished faces, providing the 
base temperature and film thickness w^ere favourable. In other cases (no) 




(^/) Aluminium on ^lass random 
orientation, lo^ A thick. 



(c) Aluminium on (rii) mica 87 % 
(nil orientation. 1*3 x 10® A 
thick. 


(//) Aluminium on (100) sodium 
chloride 80 % (loo) orientation 
1*2 X 10® A thick. 



{(J) Aluminium on j;lass 10 % (100) 
orientation. 10® A thick. 


Fig. 9 . 
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orientation was observed ^o occur on (no) oriented substrates. This is not 
a general effect, however, since cases occur where substrates stabilize preferred 
film orientations other than their own but in most cases that orientation of 
aluminium occurred for which the geometry and spacing of the metal atoms 
yielded the best fit on the substrate. The data are summarized in columns i, 2, 
3, 4 of Table III in order of decreasing orientation. The direction of orientation 
in the film listed in the third column is the same as that of the substrate for 
the first seven items. A small orientation was observed on glass which, of course, 
possesses no definable surface arrangement. The small degree of orientation on 
fluorite was barely measurable. The (in) orientation on zinc blende and 
sodalite was also very small. The last two substrates possess cubic lattices with 
good (no) cleavage faces and are examples of film orientation differing from that 
of tlie substrate. 



Some typkal surface reflection X-ray him patterns are illustrated in Fig. 9. 
The interpretation is handicapped by the poor contrast of the aluminium lines, 
the strong and complex pattern caused by reflection from the substrate and the 
poor reproduction, but tlie over-all pattern analysis is quantitatively unique for 
each orientation. Continuous reflection from all the low indice reflection planes 
indicate complete randomness in Fig. 9 a. The sharply defined orientation 
of a (100) aluminium him on rocksalt is illustrated in Fig. y b. Fig. 9 c is greatly 
complicat'd by the mica pattern but arrows indicate the discrete aluminium 
reflections corresponding to (iii) orientation. A poorly oriented him on glass 
tending towards (100) orientation is included for comparison (Fig. 9 d). 

Discussion 

Geometric Considerations. — ^The good correlation between substrate 
and him orientation is in accord with the excellent matching between the 
oriented aluminium plane and the geometry and dimensions of the surface 
lattice upon which it forms. Similar results have been reported for thinner 
films.® The striking geometric kinship among the three low indice planar 
arrangements, (100), (iio), (iii), of aluminium in Fig. 10 and the geometry 
of the corresponding planes in sodium chloride and lithium fluoride jn 
Fig. II suggests that such correspondence between him and substrate pro- 
motes a related orientation in the former. This hypothesis is suggested by the 

® Bruck, Afin. Physik, 1936, 26, 233. Rudiger, Ann. Physik, 1937, 30, 505. Finch, 
Quarrcll and Wilman, Trans. Faraday Soc., 19^5, 31, 1051. 

H 
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Table of lattice distances summarized in Fig. ii. They agree within a few % 
in each case except for the (in) sodium chloride face, for which the lattice 
spacing is 40 % greater than the corresponding spacing in the (in) aluminium 
plane. It is doubtful whether this correlation is generally essential for 
substrate-metal interaction but it is significant that no (in) orientation of 
aluminium was ever observed on a (in) sodium chloride surface. Corre- 
sponding orientations were observed in every other case. 



O Anion #Cation 


Fig. II. — Unit cell of alkali halide. 
Lattice parameters (A) 



A1 

NaCl 

I.iF 

(100) a . 

. 2-85 . 

. 2-83 . 

2*84 

(Ill) 6 . 

. 2.85 . 

. 3-98 . 

. 2*84 

(no) c . , 

■ 4-04 . 

• 3-98 . 

4*01 


Substrates with hexagonal cleavage faces of atomic dimensions corre- 
sponding to the (in) face of aluminium yielded (in) oriented aluminium 
films. The fairly complicated surface structure of mica accommodated (no) 
arrangement of aluminium as well. The arrangement of the atoms in the 
hexagonal cleavage faces of mica, calcite and fluorite are drawn to scale in 
Fig. 12. The matching of lattice distances was poorer than for the cubic 
face cleavage substrates and the observed degree of orientation was also 
correspondingly poorer with the exception of mica. The (no) cleavage 
faces of cubic zinc blende and sodalite are not indicated, but the matching 
was relatively poor for both substrates and they are unsatisfactory as (no) 
directing surfaces. 

In all cases studied, the nature and degree of the observed film orientation 
bore a close relationship to the geometry and dimensions of the underlying 
substrate. It appears that directing forces are geometrically distributed 
on the substrate surfaces in close correspondence to the atomic distribution 
in the substrate plane. An interpretation based on this approach will be 
discussed in the next section. 
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Characterization of Substrate. — In an effort to characterize the 
substrates an effect, discovered by Wood ’ and studied by Estermann,® 
was used in a modified form. When a beam of metal vapour is directed 
at a heated substrate, condensation will occur if the pressure is sufficiently 
high or the substrate temperature sufficiently low. Whether,most of the 
atoms bounce off the surface losing none or relatively little of their kinetic 
energy or whether they are accommodated on the surface depends on the 
relative values of the aforementioned variables plus a third, the attraction 
of the substrate for the metal atoms. Since the relationship between these 
factors can be quantitatively expressed, the attraction of the substrate may 
be determined providing the corresponding pressures and base temperatures 
can be measured. This pressure-temperature dependence was determined 
for all the substrate-metal pairs at those substrate temperatures at which 
maximum orientation was known to occur in each case. The substrate 
temperature was measured with a thermocouple probe on the surface. The 
metal pressure was not measured directly but calculated from the crucible 



temperature using the free energy of vaporization values for aluminium.® 
The minimum vapour pressure was accurately determined for each base 
temperature at which condensation of the first layers took place. The 
formation of the first layer was indicated by measuring the sudden drop in 
film resistance between two probes on the surface. The corresponding values 
of pressure and base temperature for a group of typical runs are plotted in 
Fig. 13. The pressure-temperature relationship can be expressed as 

= (4) 

where p = pressure of metal vapour, 

== constant, insensitive to temperature, 

T = absolute temperature of the substrate, 

.4 = an energy term, characteristic of the film and the substrate.^ 

’ Wood, Phil. Mag., 1916, 3a, (6), 365. 

* Estermann, Z. Elektvochem., 1926, 31, 441. ^ 

• Kelley, The Free Energies of Vaporization and ^Vapour Pressures of Inorganic 

Substances (Bulletin 383, Bureau of Mines, 1935). 
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The values of could be interpolated from the intercept on the pressure 
axis of the curves plotted in Fig. 13. It is insensitive to the nature of 
the substrate and to the base temperature for the conditions observed. 
Hence, it was of little use for characterizing the substrates on a relative 
basis. It, however, includes at least three significant terms describing : 
(a) geometry of the system, [h) size of the condensing particles, (c) a linear 
temperature correction. Hence, an interpretation of the mechanism of 
condensation would eventually require an analysis of into its component 
terms. 



Fig. 13. 

I/T X 10* degrees (absolute). 


The values of A could be readily interpolated from the slopes of the 
straight lines plotted in Fig. 13. Some typical values are listed there in 
order of decreasing magnitude. Corresponding values of temperature, 
pressure and A are more completely listed in columns 2, 5 and 6 of Table III. 

A definite trend of A in Table III from 42 kc./m. to 20 kc./m. is evident. 
I'his trend corresponds to decreasing observed orientation. It is significant 
that the values of A are smallest for the ionic substrates at the end of the 
Table for which the orientation was poorer. The smaller surface-free 
energy of the (in) arrangement corresponds to the observation that the 
A values for (in) substrate-film orientations are somewhat greater than 
those for (no) and (100) orientations for each substrate-metal pair. 

An interpretation of A as describing the heat of condensation of the 
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first layer of metal atoms on the substrate is indicated by the temperature- 
dependence relationship established by the straight lines in Fig. 13 and by 
the empirical findings of Wood and Estermann. A theoretical analysis of 
their work by Semenoff applied to these results indicates that 

^ = £ + A , . . . . (5) 

where E = the adhesive energy of binding of the metal and substrate, 

A = the energy of binding of the aluminium atoms in the first 
layer, e.g., the surface energy, characteristic of the metal 
film itself. 

If the first term is large the substrate is likely to influence strongly the 
formation and arrangement of the atoms in the first layer providing the 
atoms possess sufficient mobility to assume those positions on the surface 
of lowest potential energy. If it is small, relative to the second term, 
that is, the adhesive forces between metal and substrate are negligible 
compared to the cohesive binding between metal atoms, the film formation 
will be relatively independent of the substrate and, should any orientation 
occur, it will be that arrangement for which the surface-free energy is smallest. 
Formation of an oriented first layer under the first condition would facilitate 
the occurrence of the same orientation for subsequent layers. The degree 
of observed orientation should increase with the value of E providing other 
factors are also favourable, e.g., mobile atoms and relatively thin films. 
Formation of an oriented layer under the second condition may also occur 
but the degree of orientation will likely be considerably less. It is note- 
worthy that the values of A varied from 42 kc./m. for aluminium on mica 
to 15 kc./m. for aluminium on glass (column 6, Table III). In the latter 
case one might consider the interaction between the glass and the metal 
to exert a relatively small influence on the film structure and the measured 
heat of condensation to correspond mainly to the cohesive forces in the 
(100) plane of aluminium. Since there are about one-third the number 
of bonds in this configuration compared to that of massive aluminium, 
the surface energy can be roughly approximated to be one-third of the 
molar heat of vaporization or 22 kc./m. For this crude approximation the 
order of magnitude agrees with the experimentally determined value 
measured on an amorphous substance like glass. Neglecting the entropy 
correction, the substrate binding energy for the other substrate-metal 
pairs may be similarly approximated by subtracting an energ}^ A, corre- 
sponding to the cohesive binding energy of the film, from A, the total energy 
of condensation. In view of the assumptions involved the values obtained 
are speculative but the resulting values {E) listed in column 8 of Table III 
are of the right order of magnitude. These approximations compare 
favourably with values calculated on the same basis as van der Waals’ inter- 
action. The trend of the experimental values of E is in qualitative accord 
with the trend of observed orientations for each metal-substrate pair. This 
is indicated by the data on the maximum orientation and the substrate 
binding energies listed in columns 4 and 8 in Table III. The correlation 
is also evident in Fig. 14 in which the maximum observed orientation is 
plotted as ordinate against the substrate binding energy as abscissa. The 
calculated values, included for comparison, are now discussed. 

Van der Waals’ Interaction. — ^Understanding of the binding between 
a metal and an ionic surface would provide considerable insight as to th» 
nature of the metal-substrate interaction. A rigorous attempt to define 
the binding is well beyond the scope of this paper, but some speculation 
in this direction seems justified. The characteristic of the binding, nalmely. 


Semenoff, Z. physik. Chem. B, 1930, 7, 471. 
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its relative magnitude and non-specificness, suggests the validity of an 
approach based on van der Waals’ interaction between the first layer of 
metal and the substrate. An analysis similar to a certain extent to the 
calculation of heats of adsorption of gases physically adsorbed on ionic 
surfaces near the boiling point of the gas seems justified. It is obvious 
that the chief distinguishing characteristic between metal and physically 
adsorbed gas films, other than the different temperature range in which 
they form, is the marked importance of the cohesive forces in the former 
case. It is conceivable, nevertheless, that a strong periodicity in the 
potential energy surface of the substrate towards the metal atom may be 
sufficient to start the condensation in a favoured direction. The energy 
of van der Waals* binding of aluminium on each of the substrates was 
calculated on this basis. 



Substrate binding energy (kc./m.). 

Fig. 14. — Substrate orientation. 

Van der Waals* interaction between non-polar molecules has three 
important constituent parts : (i) the attraction between fluctuating dipole 
and induced dipole (dispersion effect), varying inversely as the sixth power 
of the distance, (2) the attraction between fluctuating quadruple and induced 
dipole varying inversely as the eighth power of the distance and (3) the 
repulsion ener^ decreasing exponentially with the distance. A fourth con- 
stituent part is unique to ionic surfaces : the so-called influence effect. 
The latter is due to the fact that the charged ions of the substrate induce 
a dipole moment in the metal atom, which results in an attraction between 
the ions and the induced dipole. At the equilibrium distances characteristic 
of the metal films, the first of the four terms is by far the most important. 
The calculations were made on an approach similar to Orr in which he 
calculated heats of physical adsorption of argon on potassium chloride. 


Orr, Trans. Faraday Soc., 1939, 35, 1247. 
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The dispersion effect was introduced by London in the calculation of 
heats of adsorption. The dispersion potential 9 between an atom of metal 
and an ion of the substrate can be written 


9 =~C/r«, .... (6) 


where r is the equilibrium distance, and C, the dispersion constant, is 
given by 


3 ocx'- JJ' 


J+f' 


(7) 


where a = polarizability of the metal, 

a' = polarizability of the ion, 

/ = characteristic energy of the metal, 
7' = characteristic energy of the ion. 


The interaction between an atom and the entire surface of the substrate can 
be very simply calculated if one assumes that the distance between atom and 
ion is not smaller than the distance between ions. In this case the summation 
over the ions of the substrate can be replaced by an integration. For 
alkali halide substrates this approximation will yield values that are too 
low by 25 % to 30.%. For the mutual dispersion energy of an infinitely 
large surface and an isolated atom. 


9 = 



Ndv=^ 


NnC 
6 > ' 


( 8 ) 


where N = number of ions per cm.^ and dv is the volume element, 
stituting expression (6) for the dispersion constant, 

Nn «a Jf 

^ = - 4- • • • 


Sub- 


(9) 


An exact evaluation from eqn. (8) is not possible because some of the experi- 
mental data are missing, particularly the value of J for aluminium. Never- 
theless, to show the order of magnitude, calculations were made using 
the first ionization potential. The value of N for the substrates other than 
the alkali halides was calculated from the density. The distance r between 
an ion and an aluminium atom was assumed to be made up of two parts after 
London,^® viz., 

r = d^z + d^lz (10) 

For d-^lz half the distance between ions in the substrate was used and 
for d^jz half the interplanar distance for that plane of aluminium observed 
to b^ preferentially oriented. The identity and geometry of the important 
ioijw^ the substrate were not always definitely established and a choice 
had" to be made in some cases. The ion was chosen whose arrangement 
on the surface best fitted the observed aluminium orientation. For example, 
the oxygen ions were chosen, instead of the silicon ions, in mica. The 
calculated binding energy for both is listed in Table IV for comparison. 
The atomic polarizabilities were taken from Van Vleck if possible, or 
calculated from 

“ "" 

where v is the characteristic frequency of the atom and the other symbols have 
the customary significance. The polarizability and characteristic energies 


London, Z. physik. Chent. B, 1930, ii, 222. 

London, Z. physik. Chew, B, 1930, ii, 222. 

Van Vleck, Electric and Magnetic Susceptibilitiefi (Oxford University Press, 1932), 
p. 225. 
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for the ions of the alkali halides were taken from Mayer's analytical treat- 
ment of the lattice energy characteristics of alkali halides. The validity 
of the physical constants in this case warranted more extended consideration. 
A potential energy surface for the system (lOo) aluminium-sodium chloride 
was constructed after Orr.^® It is schematically represented in Fig. 15. 
The potential hole in the centre represents a position of the aluminium in 
which the potential energy is 7 kc./m. lower than a position over the cation. 
The position over the anion corresponds to the highest potential energy on 
the surface. For this system it is evident that the central site is relatively 
large but is deeper by 7 kc./m. than the next most favourable site and corre- 
sponds to a binding energy of approximately 18 kc./m. It is noteworthy 
that the atoms of the (100) aluminium plane could be laid over the grid 



Fig. 15. — Potential energy surface (100) face sodium chloride unit cell. 


formed by the potential energy holes with negligible distortion. The calcula- 
tions are summarized in Table IV, in which the atom positions, the ionic 
polarizabilities, the characteristic energies, the dispersion constants and the 
calculated substrate binding energies are tabulated for thirteen substrate- 
metal pairs in columns i to 7. 

Considering the approximations involved in the theory and the uncer- 
tainties in the assumed values of J and r one cannot expect, in general, more 
than an agreement in the order of magnitude between calculated and experi- 
mental values. The calculated values (Ec) in column q. Table III, should be 
evaluated on that basis. It is considered fortuitous that the calculated 
values other than for the alkali halides agree as well as they do with the 
experimental values (column 8). It is significant, however, that the highest 
values correspond to the substrates upon which the best oriented aluminium 
films were formed and that the trend definitely agrees with that characteristic 

Mayer, J . Chem. Physics, 1933, i, 270. 

Orr, Trans. Faraday Soc., 1939, 35, 1247. 
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of the %-orientation for all eleven substrates and with the indirectly deter- 
mined substrate binding energies. 

It is evident that the periodicity of the potential energy surface of the 
substrate-atom pair is a very important factor in defining the arrangement 
of the metal atoms. 


TABLE IV 

Dispersion Effect. Aluminium on Ionic Substrates 


Substrate 

Plane 

Position 
Centre 
of face 

Ionic 

Polariza- 

bility 

X 10** 
cm.* 

Charac- 

teristic 

Energy 

X iqI* 
ergs/ 
molecule 

Disper- 

sion 

Constant 
C X io«« 
ergs cm.* 

Binding 

Energy 

E X 10"* 
cal./ 

molecule 

Sodium Chloride 

(100) 

Two ions 

3*27 

i6*4 

i 

251 

18 

(NaCl) 

(no) 

Two ions 

3*27 

16*4 

251 

12 


(III) 

Two ions 

3*27 

16*4 

! 251 

6 

Lithium Fluoride . . 

(100) 

Two ions 

0*93 

24*3 

1 8 o -8 

10 

(LiF) 

1 (no) 

Two ions 

0*93 

24*3 

8o'8 

10 


j (lU) 

Two ions 

0*93 

! 24*3 

8o*8 

10 

Mica 

1 (no) 

Oxygen 

3*88 

1 20*5 

321 

20 

(KAl,Si, 0 ,olOH),) 

i (III) 

1 ion 
, Oxygen 

3*88 

\ 

j 20*5 

321 

22*0 


1 (in) 

' ion 
j Silicon 

1 

I 0*17 

2*0 

3*6 

2 

Calcite 

1 (ion) 

[ ion 
! Oxygen 

1 

3-88 

1 20*5 

1 321 

j 5 

(CaCOJ 


1 ion 

1 



i 

Fluorite 

! (in) 

' Fluorine 

I 1*04 

19*4 

84*4 

i ^ 

(Cal%) 

Zinc Blende 

; (no) 

: ion 

j Sulphur 

j 10*2 

1 17*5 

‘ 544 


(ZnS) 

Sodalitc 

: (no) 

ion 

i Oxygen 

‘ 3*88 

20*5 

i 

i 321 

1 

I ^ 

(Na,Al,Si, 0 ,Xl) 

1 

1 ion 

i 

1 


1 



Conclusions. — The structure of thin aluminium films condensed in 
vacuum on clean ionic substrates is strongly influenced by the nature, geo- 
metry and temperature of the ions in the base. The degree of orientation 
of the iilm with respect to the base can be semi-quantitatively correlated 
with a binding energy characteristic of the substrate. The values of the 
substrate binding energy are of the same order of magnitude as van der 
Waals' binding between a single atom and an infinite ionic surface. The 
characteristics of the film structure show this method to be effective for the 
preparation of oxide-free oriented aluminium surfaces for studying surface 
reactions. 

The writer is indebted to many of the research faculty for opportunities 
to discuss the subject and particularly to Prof. Charles Barrett, Prof. Clarence 
Zener and Prof. Cyril Smith of the Institute for the Study of Metals and to 
Prof. Joseph Mayer of the Institute for Nuclear Studies. In addition all 
the structure determinations were made in Prof. Barrett’s X-ray diffraction 
laboratory by his kind permission with the assistance of Messrs. Donald 
Clifton and John Hess whose assistance is gratefully acknowledged. 
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THE INFLUENCE OF FOREIGN IONS ON CRYSTAL GROWTH 

FROM SOLUTION * 


1. The Stabilization of the Supersaturation of Calcium 
Carbonate Solutions by Anions Possessing 
O-P-O-P-O Chains 

By B. Raistrick 
Received 2gth April, 1949 

An interesting case of modified crystal growth is that described by the 
title. When a natural water containing calcium bicarbonate is heated 
or made alkaline it deposits calcium carbonate as scale with the well-known 
undesirable consequences. Rosenstein ^ discovered that the addition of a 
few parts per million of sodium metaphosphate glass to the water (containing 
the equivalent of several hundred p.p.m. of calcium carbonate) would prevent 
this precipitation. 


• 

4J6A 4^S0A 
*• 4*36A^ 




• • 


LAYtR OF CALCIUM ATOMS IN CALC»T£ 



Fig. I. 


It was decided to search for an explanation of this phenomenon and one 
approach was to study the structures of calcite and aragonite and the 
probable structure of the polymetaphosphate anion. Consideration of the 
calcite lattice as reported by Bragg * shows that the calcium and carbonate 
ions are arranged in alternate layers perpendicular to the threefold axis of 
the lattice, and that all the calcium ions in any one layer are arranged at 
the comers of equilateral triangles of side length 4*96 A (cp. Fig. i). 

^ Rosenstein, U,S, Pat., 2,038,316 (1936). 

• Bragg, Proc. Roy. Soc. A, 1914, 89, 486. 

* The substance of this paper was communicated verbally during the Discussion. It 
contains considerations, relevant to this Discussion, which form part of a rather broader 
communication to be given at the forthcoming meeting of the Canadian Institute of 
Chemistry at Halifax. 


*34 





3.- Pliotoj^raph of showing part of a nietaphosphato ion adsorbed on caleitt* 

lattice. 
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The lower part of Fig. i indicates our conception of the polymetaphosphate 
anion. We believe that each P atom is surrounded tetrahedrally by four oxygen 
atoms and that these tetrahedra are linked by sharing two oxygen atoms each 
in such a way that a chain is obtained of the type shown. In this diagram we 
have assumed that the P-O-P angle is 180°. but a more probable angle is 141°; 
it will be seen that the repeat distance for this anion is 4*99 A if we use a P~0 
distance of 1*53 A (see the papers of Levi and Peyronel,* * etc.). The fit between 
the two can be seen more clearly in Fig. 2 which shows them lying together. 



A 


• Ca 

• • P 

A; . 

radii. 


The choice of the most likely P-O-P angle in the metaphosphate chain provides 
an interesting problem. It will be sufficient here to say that any angle is possible 
from 109® 28' to 180° (excepting those which w’ould result in steric hindrance) 
whilst still retaining the repeating distance of 4*99 A along the chain. Although 
180° angles are not uncommon » « « « 7 prefer the 141° angle because it permits 
the charge of every tetrahedral group to approach as closely as is possible to the 
layer of calcium ions whilst still retaining the centres of these tetrahedra 
immediately above the centres of the equilateral triangles formed by the calcium 
ions. In this case the metaphosphate chain would possess much the same 
structure as does the pyroxene chain found by Warren and co-workers in various 
metasilicates.® • The 141° angle is also a satisfactory one since the forces necessary 
to adjust the chain to this condition (as compared wdth the angle which is natural 
to the ion in solution) will be smaller than those necessary to cause adjustment to 
180°, for example. 

A consideration of the geometry of the calcium layer in calcite will show' that 
it is not necessary for the metaphosphate anions to be adsorbed on the nucleus in 
straight chains and in fact they can twist their way about on the surface as 
shown in Fig. 3. 

• Levi and Peyronel, Z. Krisl., 1935, 93, 190. 

♦Peyronel, Z. Krist., 1936, 94, 311. 

® Zachariasen, Z. Krisl., 1930, 73, i. 

• Ito and West, Z. KrisL, 1932, 83, i. 

^ Machatschki, Fortschr. Min., 1936, so, 47. 

« Warren and Bragg, Z. Krist., 1928, 69, 168. 

• Warren and Modell, Z. Krisi,, 1930, 75, i. 
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Having established that the geometrical considerations afe satisfactory for a 
hypothesis of this kind other requirements must now be considered. For 
example, a perfect fit might be expected to result in crystals which contain the 
small proportion of metaphosphate anion present as a solid solution in calcite. 
The explanation of the lack of tendency to form such solid solutions may be that 
(as can be seen from Fig. 2) each POa*" group is capable of replacing one COa“ 
ion and if this replacement goes on over the whole of a calcium ion layer then the 
electrostatic potential for adsorption of another calcium ion layer will be greatly 
reduced. At this stage, therefore, the driving force to hold more calcium ions 
on to this particular surface is small and its growth will be stopped. 

A further requirement of the theory is that it shall be capable of explaining 
the almost permanent stabilization of supersaturation, since solutions treated 
in this way will remain perfectly clear for weeks. Inspection of the lattice shows 
that metaphosphate can adsorb equally effectively on the top of one calcium 
layer of a nucleus and on the bottom of another calcium layer of the same nucleus. 
In this way the thickness of the nucleus can be held at embryonic dimensions in 
such a way that the embryo does not become big enough to be incapable of 
dissociating completely once more into disordered ions. In this connection the 
point may be made that the high effective cur\^ature at the perimeter of an 
extremely thin layer structure will militate against growth on this perimeter. 

It is interesting that nitrate and iodate ions which have about the correct 
size and shape for being adsorbed on the lattice, and also carry the correct 
charge for leaving the calcite surface electrically neutral, show little or no 
stabilizing effect. This is probably because, owing to their single charge, they 
are competing for the surface on terms which put them at a disadvantage as 
compared with the carbonate ion. The metaphosphate ion, on the other hand, 
with its spaced-out multiplicity of single charges will be electrostatically at a 
considerable advantage compared with a carbonate ion, whilst in respect of the 
difference between the entropy in the dissolved state and the entropy in the 
adsorbed state it is not at any serious disadvantage. It is probably the pos.session 
of this multiple charge which accounts for the reported ability of the long-chain 
metaphosphate ion to stabilize supersaturated solutions of a large number of 
substances. These other cases normally require higher concentrations of meta- 
phosphate and the effects are not usually so clean-cut as in the case under 
consideration. They are probably due to a somewhat grosser effect than the one 
tliat we are discussing here with its special geometrical aspect and possibility 
of leaving the embryo surface in a condition of electrical neutrality. 

Reitemeier and Buehrer investigated the stabilization of calcium carbonate 
solutions very thoroughly in the laboratory and show some excellent photo- 
micrographs of the distorted calcite crystals which result when metaphosphate 
or pyrophosphate are used in amounts that are insufficient to effect permanent 
stabilization. This distortion is probably due to the dislocations caused in the 
lattice by a limited number of these foreign metaphosphate ions which are 
capable of a two-dimensional fit, as described, but do not fit in the third dimension. 

Our hypothesis to explain the .stabilization of supersaturation is as described 
above and any chain-like anion consisting of repeating phosphorus- oxygen bonds 
should be capable of effecting this stabilization. We have confirmed the observa- 
tions of Reitemeier and Buehrer on the effectiveness of 2 p.p.m, of sodium 
metaphosphate glass or sodium pyrophosphate in stabilizing the supersatu ration, 
and have also shown that sodium tripolyphosphate (triphosphate) is equally 
effective, whilst the fibrous sodium metaphosphate (P 2 i/n, a = 7-60 A, 6 = 6*02 A, 
c === 11-32 A, p — 93'^ 58') is effective at several times the concentration. For 
reasons which cannot adequately be given here we believe that all these materials 
possess the repeating O-P-O bonds which are necessary on the basis of the theory 
aiid that they only differ by virtue of the number of phosphorus atoms in the 
chain.* 


Reitemeier and Buehrer, J. Physic. Chem., 1940, 44 , 535 and 552. 

♦ It is realized that the proportion of end-groupings is highest with the short chain 
compounds and that the approximation to electrical neutrality may not be so close as 
is possible with the chain metaphosphate ion. 
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Similarly we would expect the following classes of compound to be ineffective, 
and we have confirmed this to be true. 

(i) The Soluble Tri- and Tetrametaphosphates. —These we believe 
to contain cyclic anions consisting of six- and eight- member ed rings respectively. 
These compounds possess the essential repeating O-P-O bonds, but their more 
rigid cyclic structures prevent adaptation to the calcite lattice. It is interesting 
that the ineffective trimetaphosphate ring can be split open in quantitative fashion 
by hydrolysis to produce the chain-like tripolyphosphate, which, as already 
stated, is very effective. 

(ii) The Metasilicates. — The increased length of the Si-O bond as compared 
with the length of the P-O bond results in a repeating distance ® ® for the meta- 
silicate chain of 5-24 A as compared with that of about 4*99 A proposed for the 
metaphosphates when adsorbed on the calcite lattice. Thus, even if despite 
considerable hydrolysis the metasilicate chain structure does to some extent 
persist into aqueous solution, there could not be a fit with the calcite lattice in 
the same way as is possible with metaphosphate. Actually, with sodium meta- 
silicate in concentrations from 2 to 170 p.p.m. there is no appreciable stabilization 
of a supersaturated solution containing the equivalent of 200 p.p.m. of calcium 
carbonate. 

(iii) Compounds Containing P-O Bonds in the Incorrect Sequence. — 
The only two compounds that we have studied in this class are sodium hypo- 
phosphate Na4P20e and sodium perdiphosphate Na4p208. Regarding the hypo- 
phosphate anion there have been two main schools of thought on its structure. 
The choice lies between (T) and (Il«) or (life) for the structure of the acid. 


HO OH HO 
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On the basis of our hypothesis a compound with the structure (II) should 
be capable of stabilizing the supersaturation whilst (I) should be ineffective. 
We believe that the structure is (I) for reasons already £idvanced and certainly 
sodium hypophosphate shows little or no ability to stabilize the supersaturation. 


Albright & Wilson Ltd., 
Oldbury, 

Birmingham. 


Unpublished X-ray and other observations. 
Raistrick and Hobbs, Nature (in press). 


ORIENTED OVERGROWTHS AND STABILIZATION AT ORDIN- 
ARY TEMPERATURES OF THE CUBIC (i), TETRAGONAL (ii) 
AND ORTHORHOMBIC (iii) PHASES OF AMMONIUM NITRATE 

By Raymond Hocart and Mlle. AgnIis Mathieu-Sicaud 

Received (jth February, 1949 

• 

The experiments described in this paper fall into two groups. Firstly, 
a study has been made on the polarizing microscope of oriented overgrowths 
of the various polymorphic forms of ammonium nitrate on muscovite mica. 
The development of fissures resulting from the change of one polymorphic 
form into another provides an indication of the degree of correspondence, 
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as regards densely packed atomic planes, between one form and another, 
in agreement with the paramorphism lattice theory first developed by 
Friedel.^ Secondly, experiments have been made on the stabilization at 
ordinary temperatures of ammonium nitrate I, II and III by the addition 
of impurities possessing lattice constants close to those of a particular 
pol3miorphic form of NH4NO3. 

-f, 

Experimental f 

Oriented overgrowths on mica. — Oriented overgrowths were formed 
between cleavage surfaces of mica, either by melting a small fragment of 
the salt or from a supersaturated solution. An isotropic support for the 
oriented nitrate crystals was made from a rectangular sheet of mica with 
edges approximately parallel and perpendicular to ng cut in the manner 
shown in Fig. i. By placing portions of the upper and lower sheets in the 
crossed positions at a and b the path differences due to the mica are 
eliminated, and the oriented overgrowths could be examined microscopically 
between crossed Nicols. 



Fig. I. 


(a) Phase I ([100] = 4-40 A) ^ 

Lattice constants of mica (001) plane cell are 

[100] = 5-18 A ; [010] = 9-02 A. 

Superposition trials of (001) mica lattice and (001) nitrate I lattice lead 
one to expect two simple coincidences of plane cells. 

In the first one (Fig. 2 I a), two square (001) nitrate I cells fall in line 
along [010] mica, over the rectangular (ooi)>centred cell. The computed 
approximation is — 15 % for 4*40 A nitrate in comparison with 5* 18 A 
mica and — 2-4 % for 2 x 4*40 A nitrate in comparison with 9*02 A mica. 
In the second coincidence (Fig. 2, 1 b), four square (001) nitrate cells, making 
a square pattern of sides 2 x 4-40 A nearly cover a pseudo-square (multiple 
of 4) cell of mica built on [no] = 10*40 A and [310] = 8*98 A (and are 
symmetrical with respect to the mica (001) symmetry plane). Approximation 
calculations give — 2 % for 2 x 4*40 = 8-80 A nitrate in comparison 
with 8*98 A mica and ■— 15*4 % for 8*80 A nitrate as compared with 10*40 A 
mica. The better coincidence along [310] mica should lead to extended 
overgrowths along that row, that is to say, inclined at about 60® to [010] 
mica. 

1 Friedel, Le9ons de Cristallographic (Paris — Nancy, 1926). 

• Hendricks, Posjnak and Kracek, /. Amer. Chem, Soc., 1932, 54, 2765. 
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Fig- 2 . — Pattern of ammonium nitrate phases I, II, III on mica. 


(6) Phases II, III and IV 

Patterns of analogous type are valid for phases II, III and IV (Fig. 2, 
II a, b. III a, b), reticular planes (no) for II, (100) for III, (no) for IV, 
growing over (001) mica. 

For brevity and clarity, only approximate coincidences with [no] cind 
[310] mica are reported below, for comparisons. 

Phase I [100] ; 4-40 x 2 A ; — 2 % relative to [310] = 8-98 A mica ; 

[010] : 4-40 X 2 A : — 15 % relative to [no] == 10*40 A mica. 

Phase II [no] : 8*13 A : - 9-5 % relative to [310] mica ; 

[001] : 5 X 2 A : — 4 % relative to [no]. 

Phase III [010] : 7*66 A : - 15 % relative to [3io] ; 

[001] : 5*8o X 2 a : + 11*5 % relative to [no]. 

(c) By melting and coolmg NH4NO8, overgrowths are usually oriented 
at 30° and 60“ to [010] mica, with predominance of the latter orientation 
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(Fig. 3, 4)^ Also, in agreement with alterations of lattice constants 
between successive phases, fissures observed in homogeneous areas are 
more numerous at 30° from [010] mica than at 60"^ when phase I->phase II 
(Fig. 2, 5). When phase II~>phase III, fissures at 30*^ from [010] are seen 
to widen, while those at 60° become narrower and appear as lines (Fig. 2, 
6, 7). On the other hand, when phase II gives place directly to IV, the 
lattice constants are more similar than the cases II, or IV, with III ; 
here, any change in width of fractures is hardly detectable. 

These observations are consistent with the law of mutual correspondence 
between dense lattice planes when a paramorphic transformation takes place. 

Overgrowths oriented at 0° and 90*^ from [010] mica, however plausible 
for NH4NO3 I, only appear when phase IV undergoes recrystallization within 
a thick ® and not too dry section. In this case, IV becomes independent of 
I and the orientations just cited appear in I simultaneously with overgrowths 
at 30° and 60° and with about the same frequency. During the heating 
process, those two types of overgrowths remain in phases III, II, I. Such 
a ** pilot action,'* either of I or of IV, is in accord with the interdependence 
of paramorphic phases in a given substance. 



Fig. 3. Fig. 4. 

Ammonium nitrate — oriented overgrowths. 


Stabilization. — In order to study individual phases at ordinary tem- 
perature we endeavoured to stabilize them by incorporation of a small 
quantity of suitable impurities. The essential idea was to add to NH4NQ3 
crystalline substances having two (or three, or even only one) lattice constants 
closely similar to those of the phase considered in order to have a dense 
plane cell in concordance. Tests were made either by fusion or by solution 
with about i to 2 % of impurity added to the NH4NO3. Stabilized phases, 
when obtained, can be preserved unchanged indefinitely, provided that they 
are protected from moisture, since the hygroscopic character of NH4NO8 
destroys any stabilization. 

Among the impurities employed, some give overgrowths by themselves 
upon mica, others do not. A salt capable of stabilizing one of the forms 
of NH4NO3 need not itself form oriented overgrowths on mica. For 
example, PbClg gives oriented overgrowths, KMn04 does not ; each of them 
stabilizes phase III. 


• Bowen, /. Physic, Chem,, 1926, 30, 721. 




Fig. 8. — Phase II stabilized with PbCO.^. 



Fig. 9. — Phase III stabilized with KMnO^ 
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Phase I (uo = 4-40 A) 

Stabilizers : NaF (cubic), a© == 4*62 A ; relative deviation in comparison 
with nitrate, 5 %. 

NH4Br, ao = 4*04 A ; NH4CI, flo = 3*86 A ; the last substance only 
delays the transformation 

NH4I, Uq = 7*24 A is without effect owing to the large discrepancy between 
lattice constants. 

RblOg, ao = 4*52 A ; NH4IO3, Uo = 4-51 A. 

In all these examples, overgrowths of NH4NO3 are oriented at 30° and 60° 
from [010] mica. 

With KIO3 in solution (^o = 4*46 A), the two kinds of oriented overgrowths 
expected appear at 30° and 60°, and at 0° and 90°, from [010] mica. 
It has been stated above that this last series does not appear when the 
nitrate alone is cooled from the molten state but only after recrystallization 
of phase IV. 



Fig. 5. — Fissures in oriented overgrowths. 


Phase II {ao = 575 , = 5) 

PbCOg (Fig. 8) is a good stabilizer (orthorhombic) : ao = 8*47 A ; ho = 
6*14 A ; Co = 5 *i6 a. Relative deviations : + 4*2 % for 8-47 A compared 
with [no] — 8*13 A nitrate ; + 3*2 % for 5-16 A compared with [001] = 
5A nitrate ; it gives the two predicted oriented series, 30^ (60°) and o'^ (90°) 
which are also produced with CSNO3 (previously assigned as stabilizer by 
Wallerant ^) (hexagonal) : Uo = 1074 ; Co = 7-68. 


NaNOg (orthorhombic) : ao = 3*55 A ; 60 = 5*56 A ; Co = 5*37 A 

Ag2S04 (orthorhombic) : ao == 5-82 A ; 60 = 12-65 A ; Co == 10-25 A ^ 

KCIO4 (orthorhombic) : a© == 8-85 A ; 6© = 5*65 A ; Co = 7-23 A 

CS2SO4 (orthorhombic) : ao == 6-34 A ; 6© = 10-92 A ; c© = 8*22]|A. 


* Wallerant, Bull. Soc. Miner, Franc/t 1905. 31 
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Phase III {oo = 7*06 A ; 6© == 7*66 A ; Co = 5-80 A) 

(NH4)2S04 (orthorhombic) : Uo = 5*95 A ; 60 == 10-56 A ; Co = 7*73 A ; is a 
good stabilizer but restricts the number of oriented overgrowths belonging 
to the two series. 

KMn04 (orthorhombic) : ao = 9*10 A ; 60 = 5*6o A ; Co = 7*40 A 

KCIO.3 (monoclinic) : Uo = 4-65 A ; 60 = 5*58 A ; Co = 7*08 A 

NaC104 (orthorhombic) : a© = 6-48 A ; 60 == 7*06 A ; Co = 7*08 A 

KI (cubic) : Uo = 7-05 A 

RbgSOj (orthorhombic) ; Uo = 5*95 A ; Jo = 10-39 ^ = 778 A ; 

efficiency is poorer with KF (cubic) : Uo == 5-33 A, and PbClg (orthorhombic) : 
Uo = 4-52 A ; fto = 7*61 A ; Co = 9-03 A ; with this last substance the 
relative approximation for 7-61 A compared with 7-66 A is 0-7 % but as 
much as 22 % for 4-52 A compared with 5-80 A. 



Alterations in fissures connected with change 


To sum Up, all facts reported here show that stabilization does not seem 
to depend upon either the aptitude of the stabilizer to give oriented over- 
growths by itself, or on chemical analogy between impurity and NH4NO8. 
Moreover, impurity and nitrate do not show any symmetry relationship 
regarding space lattices, but stabilization is frequently obtained when two 
sets of dense plane cells mutually coincide dimensionally to within the 
limits usually accepted in oriented overgrowths. 


Laboratoire de Mindralogie et Petrographie, 
I rue Blessig, 

Strasbourg, France, 



HABIT MODIFICATION IN CRYSTALS AS A RESULT OF THE 
INTRODUCTION OF IMPURITIES DURING GROWTH 

By H. E. Buckley 
Received ist February, 1949 

It was the writer's lot, some quarter of a century ago, to become interested 
in problems connected with the growth of crystals and particularly in that 
aspect which is embodied in the title of this article. 

During this period, ideas have been introduced and views expressed 
regarding the mechanism of habit change and comments made on the efforts 
of the few other workers who have been attracted to this subject. Some 
of the various views on the means whereby a crystal changes its habit will 
be dealt with in the present paper, though it is the writer's opinion that up 
to the present time (February, 1949) no satisfactory explanation has yet 
been forthcoming. . 

However, now that the popularity of this field appears to have increased 
and attracted the interest of many workers who bring their skill, developed 
in other directions, to the problem we shall not be long in reporting sub- 
stantial progress and possibly reaching satisfactory conclusions. For those 
who have not been able to devote lengthy periods to a study of the different 
aspects of the subject, the present brief account of the various difficulties 
which arc inseparable from each explanation of the results may be helpful, 
and possibly informative. 

It should be pointed out at once that many views expressed about crystal 
growth and habit change are inadequate on account of the few facts upon 
which they have been based. The idea that relative solubilities of crystal 
and impurity can have any bearing on the result is one of these. 

Types of Impurity. The vast proportion of work on the subject has been 
performed with aqueous solutions, the only well-marked habit change noted 
for another type of liquid being that of Jenkins ^ who reported the extension 
of the {110} planes on naphthalene crystals grown from methanol in the 
presence of collodion. Wells ^ has given several instances of change of crj^stal 
habit by varying the solvent itself, but this is not dealt with in the present 
paper, though the solvent cannot be entirely disregarded as a factor in 
inducing a crystal to clothe itself with certain surfaces rather than with 
others. In aqueous solution, then, we have the ions of the dissolved crystals 
(if ionized) and possibly undissociated molecules. We have minute concen- 
trations of H‘ and OH' ions ; concentrations which may be increased to 
formidable proportions when acid or alkali is added to the solution or 
where the crystallizing material itself provides them, e.g., borax, RgCr^O,, 
alum, etc. Whenever a soluble impurity is added to the saturated solution 
of the substance several things may happen, [a) The impurity may have 
one common ion, e.g., with KgSgOg added to K2SO4. In this case, only one 
new ion is added to the solution. (6) There may be no common ion, e.g., when 
NagSgOg is added to K2SO4. In this event, if double decomposition does not 
occur at once, it may possibly happen when the solution becomes super- 
saturated by evaporation or cooling. Thus, when NagSgOg is added in 
substantial amounts to K2SO4 solution, the four immediately obvious 

^ Jenkins, J. Amer. Chem, Soc., *1925, 47, 903. 

■ Wells, PhiL Mag,, 1946, 37 (7), 184, 217. 
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possibilities are K2SO4, Na2S04, K2S2O3, Na2S203. The latter two salts are 
very soluble in their hydrated form and would not be expected to come 
down before the others. Actually, a double salt, NaK8(S04)2 crystallizes in 
these circumstances. There is, here, no complex ion formed, but this also is 
a possibility, sometimes found, viz. : — 

(c) Where the impurity can join with the salt to form another salt con- 
taining a complex ion, which will also be present in the solution. A good 
example of this is when PbClg is added to KCl, the compound KPhCl,, being 
formed.® Finally we have an added complication when the molecule is very 
big. 

(d) Thus large basic or acidic dye molecules which dissociate to form a 
simple ion, e.g., Na’ or Cl' and a huge residue, anion or cation as the case 
may be. They are only a special case of (a) or (6) above. But whereas, when 
dealing with an " impurity " like Na2S04, we have a substance which will 
itself readily crystallize when given the opportunity, the acid dyes in par- 
ticular are poor crystallizers, so much so that when they do happen to 
possess this property to a noticeable degree they usually show it in their 
names, e.g., Crystal Scarlet, Crystal Ponceau, etc. (mostly poor habit 
modifiers). It is hardly likely, then, than that they will go so contrary to 
their usual behaviour as to crystallize in small units in a " host crystal 
when they are present to perhaps only one thousandth part of their own 
saturation limit. This is what one view would, however, lead us to accept 
(see later). 

Phenomena often associated together during the Growth of a 
Crystal. 

I. Deposition of small crystals of the impurity upon some plane, or set 
of equivalent planes, so that some zone axis of the one is parallel to a zone 
axis of the other. 

A face of the " impurity " crystal is parallel to some face of the crystal 
though the latter is not always developed. A good example ^ is KMn04 on 
KCIO3 where the y-axes of the two coincide (Rate I) and the (100) face of 
the small KMn04 crystals is parallel to the (100) face, frequently absent, of 
KCIO3. The large basal plane (001) of KClOg which is a prominent feature of 
these crystals has nothing in the KMnO.^ crystals parallel to it. 

It is necessary for this phenomenon to occur that both “ crystallizing, 
substance " and impurity " are supersaturated. That it is not too 
intimately related to habit change is seen from the fact that the KCIO3. 
plates, on which the KMn04 crystals grow in parallel position, show prac- 
tically no change of habit. Yet some such mechanism was adopted by Gaubert ^ 
to explain the growth of {100} on lead and barium nitrate crystals in the 
presence of the basic dye Methylene Blue {Colour Index, No. 922). And in 
this case the dye certainly was deposited thickly on the cube planes while 
the adjacent octahedron planes were quite free. Gaubert introduced the 
term " syncrystallization " to cover this type of mutual arrangement. In 
spite of this, crystals of barium nitrate with no trace of the dye and yet 
modified to cubes were noted by Walcott.® Other examples where two 
substances could act as “ habit-modifying impurities " towards each other 
have been given by Bunn,’ e.g., in ammonium chloride or bromide and urea. 
This author first emphasized the view, later endorsed by Royer ® and by 


» Mehmel and Ncspital, Z. Krist. A, 1934, 345 - 

* Buckley, Z. Krist. A, 1932, 82, 46 ; ibid., 1937, 97 * 37^- 
® Gaubert, Rev. Sci., 1910, 48, 74. 

® Walcott, Amer. Miner., 1926, a, 221, 259. 

^ Bunn, Proc. Roy. Soc. A, 1933, 5^7- 

® Eoyer, Compt. rend., 1935, 185. 



1. J’Lirallc] growtli of KMiiO^ crystals on a plate of KCIG.^. 'I'he [oro; (iirections in 

eai-li are parallel. 
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Frondel,® that for a pair of substances to act in this manner, some one surface 
of the one crystal should have a regular repetition of atom-pattern approx- 
imating sufficiently to some plane in the other substance (when crystallized) 
and that cations and anions in the two should be similarly arranged (along 
a row at least) and at similar intervals. That these planes where such 
coincidences are to be sought are not always planes of lowest indices, such as 
are almost invariably found on the finished crystals (vicinal planes apart), 
is seen from the work of Mehmel and Nespital ® where, in the parallel growths 
of layers of KCl and KPbClg, such planes as (121) and (323) are worked out 
as being in contact with the (iii)-KCL Before discussing the necessity for 
any such conditions to apply to substances able to modify habit, we must 
review another method of inclusion of impurity. 

II. Orientated inclusion of impurity on an ionic or molecular scale. 

This kind of inclusion was first emphasized by the writer in his papers of 
1930-34 where it was suggested that ionic adhesion was likely to be by 
Mngle ions strewed about the adsorbing surface in a statistically even manner, 
and as attachment would be the same for each ion, the latter would be 
orientated all one way. His views at the time were that this was the process 
by which modification of the crystal habit would occur rather than by the 
more severely restricted mode of parallel deposition of whole (if small) 
crystals. 

The same mode of attachment to the growing surface and consequent 
modification of habit was accepted by Frondel ® and France though the 
former accepted Bunn's and Royer's viewpoint as well. Gaubert, too, 
extended his views on habit change to include both these types of inter- 
ference with the surface, i.e., the earlier ones being “ syncrystallizations ” 
and the present ones solid-solutions. The actual outward appearance of 
a cr^^stal which has included coloured impurity in this manner is well known, 
there being many examples afforded among natural minerals, and artificial 
examples are easily prepared. They are of two sorts : (a) inclusions in layers 
parallel to certain faces, the colour often filling the crystal or large portions 
of it, and (b) inclusions in well-marked zones, stretching from some point near 
the centre of the crystal to certain faces, while avoiding others. If a crystal 
of alum or lead nitrate started as a small cube-seed and coloured impurity 
was uniformly deposited on the cube faces all along, the colour would 
necessarily be distributed throughout the crystal. If the deposition on cube 
faces commenced, using an octahedral seed, coloured and colourless portions 
w^ould certainly be segregated. Where the symmetry is sufficiently low, 
hour-glasses are the result ; with higher symmetry, more planes can 
co-operate and threefold propellers," fourfold " Maltese crosses " and so 
on may result. The coloured substance usually shows the optical phenom- 
enon called pleochroism, i.e., change of tint in the coloured parts of the 
crystal as the azimuth of a single polarizing prism or plate is changed. The 
conditions for this pleochroic change in colouring matter included in crystals, 
and why it is occasionally found even in isotropic cubic crystals, were dis- 
cussed in a paper by the writer.^^ It should be noted, however, that the 
hour-glass " may be only a feature accompanying the mode of crystal 
deposition as crystals, e.g., of NH4CIO4 of quite unmodified habit have been 
observed at times to develop colourless hour-glasses containing tiny inclusions 
of mother-liquor. Without getting down to molecular dimensions, it is 
impossible to say whether the impurity hour-glasses are made up of tiny 
crystallites in parallel formation or are as described by the writer, but* it 

® Frondel, Anier. J. Sci,, 1935, 3 ® (5)* 5i- 
France, {inter al.) Alexander’s Colloid Chet^istry, Vol 5 (1944)1 443- 
Buckley, Mem. Proc. Manchester Lit Phil. Soc., 1939, 83, 51. 
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does appear extremely improbable that crystallites will form on a crystal 
surface under conditions of gross undersaturation of the impurity. Nor does 
the explanation — ^that cation-anion distances are a necessary feature of 
habit change, as they are of parallel-growth formation — appear feasible 
when we consider such widely divergent types of impurity as potassium 
chromate and the huge dye-molecule Brilliant Croceine gB [Colour Index, 
No. 313), both of which affect the {011} faces of KCIO3 crystals. The rela- 
tionships of both modes of attachment to a crystal surface (with subsequent 
incorporation) to habit modification will be dealt with later. 

In the meantime, one further growth-phenomenon will be briefly discussed. 

Inner Dendrites in Crystals. It is impossible to cover adequately 
in a short paper all that is known of the formation and occurrence of 
dendritic crystals. What is of interest here is that crystals, whether modified 
or not, often show a dendritic interior which has later been filled in by slow 
imiform growth. Has the shape of the original dendrite anything to do with 
the final habit of the crystal ? 

In some cases, the original dendrite is 
different in the pure crystals and in those 
modified by various impurities and it is 
only to be expected that this avenue of 
possible explanation of habit change must 
be entered. Acid potassium oxalate is modi- 
fied in several ways. The pure habit has 
{100}, {010} and {001} well developed 
(Fig. I a). In the presence of Acridine 
Orange N.O. [Colour Index, No. 788), thin 
flats on { 100 } bevelled by { 1 10 } and elongated 
on the .j-axis are formed. Here, [001] is the 
direction of the main stem of the inner 
dendrite and [012], i.e., edge (021) : (100), that 
of the first or primary branching. The 
secondary branchings parallel to [100] are 
only vestigial (Fig. 16). A different habit 
is developed by Orseilline BB [Colour Index, 
No. 284). With {100} and {021} predomina- 
ting, the dendrite has the same [001] main 
stem, there being elongation on z and cor- 
rugated sides due to oscillatory repetition of 
(021) and (021) (Fig. i c). But [010] is the 
primary branching direction, followed by 
[100] (Fig. id). An identical habit change, 
except that elongation is on [100], is afforded 
by the crystals grown with Brilliant Azurine B [Colour Index, No. 511) 
and some other impurities (Fig. i e). Again, {100} and {021} are developed, 
but here [100] is the main stem, [001] the primary branching and [012] 
the secondary (Fig. i /). 

In our present state of knowledge it is not possible to estimate what the 
significance of these varying inner-dendrite patterns may be. 

III. The most important phenomenon associated with the growth of a 
crystal is, in this article at least, the capacity of certain impurities to modify 
the habit of the crystals from that developed during pure growth. This 
feature is now well known and an effort will be made here to assess the value 
of various viewpoints as to the causes thereof. As a preliminary we may 
advance a few figures to show how little influence the relative solubilities 




Fig. I. — Potassium hydrogen 
oxalate ; different dendrite 
plans : (a) ordinary ; (b) with 
Acridine Orange N.O. ; (c) 
and (d) with Orseilline BB; 
(e) and (f) with Brilliant 
Azurine B. 
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of crystal and impurities have upon the habit. During the course of twenty- 
five years' observation of these phenomena and inspection of the results of 
over 12,500 separate crystallizations of thirty odd crystalline materials, 
solubility does not appear to have any bearing on habit change except the 
obvious and indirect one that if an impurity is sufficiently salted-out by the 
crystal solution, it cannot be expected to produce much habit change. Even 
so, if a trace remains in solution it may yet have a stronger influence on the 
habit than some other — ^far more soluble — ^impurity. 

TABLE I 


Solubility, and Effectiveness in Inducing Habit Change on KCIO3 —{011} 


Impurity 

SjOa^ ion 

Cr04^ ion 

Eosamine 

(Colour 

Index, 

No. 1 19) 

Sulphon 

Black 

(Colour 

Index, 

No. 271) 

Trypan 

Red 

(Colour 

Index, 

No. 438) 

Solubility in 
saturated KCIO3 
solution 

Very soluble 

1 

Very soluble 

Soluble 

Rather 

insoluble 

Soluble 

Effectiveness 

i 

>0 

1 

1 

(oil) >(001) 
at I in 3 

1 

1 

; (oii)>(ooi) 

1 at I in 100 

! 

1 

1 (oii)>(ooi) 

1 at I in 

1 10,000 

! (on) >(001) 

! at I in 

; 60,000 


Table I (which could be considerably lengthened) gives some idea of the 
lack of correlation between modif3dng power and solubility. 

It is now time to weigh up the merits of the two kinds of attachment 
proposed at various times by Bunn and Royer on the one hand and the 
writer on the other, viz., whether attachment is by several ions together to 
form a minute crystal possessing its own (if distorted) space lattice in the 
host crystal or as isolated ions strewed here and there but possessing a similar 
orientation. In the former case, cation-anion distances are important and 


saNa 



Fig. a. — Configurations of four impurities which hav^an identical effect on KgCrO^/oio. 
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some correlation is to be expected. That this does happen at times has 
been shown in the quoted works of Bunn, Frondel and others. But in nearly 
all these cases, the habit modification is moderate and only attained with 
^eat concentrations of impurity. Where the latter is saturated, some kind 
of parallel laying down of the impurity ** crystals may be possible. But 
what correlation of interionic distances can be possible in a given host crystal 
and such widely diverging molecules as are shown in Fig. 2 ? These are 
chosen because they all have an identical power in modifying the {010} 
surfaces of K2Cr04 crystals. There is little in common between the molecules 
themselves, nor is the puzzle rendered any clearer when we place their 
modifying power towards {010} of K2SO4 in juxtaposition. It is surprising 
that, if we allow, for a moment, cation-anion ^stances to have something to 
do with the problem, the results for the two cases are so different, for there 
can be only very minor differences between either configuration or dimensions 
in {010} of K2SO4 and {010} of K2Cr04. Table II brings this into view. 



Fig. 3.— The various habit changes on potassium and ammonium perchlorate crystals. 
a = 100, h = 010, c = ooT, m — 1 10, r 102, M = on. 


These same two planes, of practically identical configuration and size, 
provide further evidence against the view that cation-anion distances 
are a necessary feature of adhesion and habit change. For, as Table III 
shows (^and it could be enlarged many times and for many crystals), these 
two similar faces can react, in the habit-modifying way, vastly differently 
with the same impurity. The figures in the last two columns indicate how 
many times more crystal material there is in solution than there is impurity, 
for a “ standard habit change ; alternatively, i unit of the given impurity 
will give a “ standard ” of habit-modifying power (e.g., with 010 = on, a 
state readily detected by the eye) when so many units of crystal material 
are dissolved in the same solution. Evidently habit changes depend on 
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TABLE 11 

(see also Fig. 2 for formulae) 


Colour 

Index, 

No. 

Name 

Effectiveness 
to {oiof of 
KgCrO* 

Effectiveness 
to -joio} of 
IV2SO4 

34 

47 

438 

670 

1 

Azo Orseille R (Actien) 

Archil Substitute 3VN (St. Denis) 

Trypan Red (Meister, Lucius & Briining) 
Guinea Green 2G (Action) 

All give 

010 =011 
at about 

I in 5000 
to 6000 

I in 250 

I in 2000 

I in 40,000 

I in 5000 


TABLE III 


Colour 

Index, 

No. 

Name 


{010} 

KjCrO, 

{010} 

K0SO4 

30 

Fast Acid Magenta B (J. B. Sharp) . . 


20,000 

500 

31 

Brilliant Lanafuchsine 2G (Casella) . . 


45,000 

070 

7« 

Scarlet G R (Actien) 


22,500 

800 

180 

Carmoisinc L9156K (I.C.l.) 


25,000 

670 

184 

Various, including Naphthol Red S (Badische) 


25,000 

5,000 

(>37 

Kiton Yellow S (Clayton Aniline) 

, . 

13,000 

0 

640 

Various Tartrazines 


20,000 

250 


Chromazurol S. Cone (Geigy) . . 


7>500 

0 

737 1 

209 

Wool Green B S (Bayer) 

National Fast Wool Blue B (Allied Chem. c't 

Dye 

27,000 1 

1 



Corp., U.S.A.) 


>0 i 

15,000 

401 

Pontaminc Diazo Black B H S W (du Pont) 


500 1 

25,000 

438 

Trypan Red (Meister, Lucius & Briining) 


1 6,000 1 

1 40,000 

735 

Xylene Fast Green B (Sandoz) 


1 1 ,000 

1 

1 10,000 

1 


TABLE IV ♦ 

(see Fig. 3) 





Effect of Concentration on the {011} and {102} Effects of KCIO* and NH4CIO4 


Colour 

Index, 

No. 

Name 


KClOj 

{on} i {102} 
effect ; effect 

i NH 

: {011} 

i effect 

4C10, 

{ 102} 

: effect 

150 

Orange I (St. Denis) 


200 


i 

1 2750 

f 0 

*5* 1 

Various Orange 11 samples 

' 

670 

200 

1 1450 

1 600 

161 

Orange H (Clayton Aniline) . . 


1670 

1 670 

1 6700 

1 5,000 

184 

Naphthol Red S (Badische) . . 


400 

1 

1 2500 

1 L50 

284 

Orseilline BB (Bayer) . . 


0 

L330 

8000 

1 ^ 

313 

! Brilliant Croceine 9B (Casella) 


133 

67 

® 1 

1 1,000 

438 

Trypan Red (Meister, Lucius <& Briining) 

( 

0 

1 2,860 

70oq 

0 

45fi 

Brilliant Congo R (Bayer) 


0 

20,000 

9000 

7,000 

511 

Brilliant Azurinc B (Bayer) . . 


0 

3>ooo 


45,000 ^ 


* The column figures have the same significance as in Table III except that two 
distinct ** standard habit changes, on {on} and {102}, are taken. These were 
explained in the writer’s 1935 paper. They are the same " standards ” for NH4CIO4 
though the figures are usually not identical in the tw6 cases. 
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something far trickier to specify than the simple conception we have just 
criticized, viz., cation-anion distances. 

A further mystery of habit modification is the way in which certain 
substances can be modified in two different ways, not so much by two 
different impurities (later) as by two different concentrations of the same 
impurity, acting at the same temperature. The first example of this was 
pointed out by the writer in 1935.^* Briefly, most dye impurities at low 
concentration cause the ooi-iio habit of KCIO4 crystals (Fig. 3) to assume 
an elongated shape on the A;-axis due to the enlargement of the brachydome 
{oil} (Fig. 3). Increase in concentration of dye, however, usually causes 
a new effect — on the macrodome {102} — to show itself and ultimately to 
prevail (Fig. 3). A few impurities possess the {011} influence only, while 




Fig. 4. — The various habit changes on potassium sulphate crj^stals. 
a= 100, 6= 010, c= 001, m = no, 0 = III, / = 021,/= 130. 


there are yet another few which influence {102} only. There are a few dyes 
with special effects, too, e.g., on {100} (large a in Fig. 3), but the majority 
of the several hundreds of dye impurities studied have the first-named effect 
at a lower concentration and the power to change over, when this is increased, 
to the other effect. It was, at the time, the writer's view that smaller dye 
impurities possessed the (oil) effect, larger ones the {102} effect, and that 
increased concentration caused the lesser molecules to associate in solution 
and so to imitate the effect of the larger molecules. Results on KCIO4 crystals 
pointed in an uncanny manner to this conclusion, even after over six hundred 
crystallizations had been performed. Yet it is inadmissible, as will be seen 
from a perusal of Table IV where a few results from KCIO4 are compared with 

« Buckley. Z, KrisL A, 1935, 91, 375. 
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a few from the isomorphous crystals of NH4CIO4. It will be seen that not 
only are the respective effects, on KCIO4 and NH4CIO4 crystals, of the same 
dye in general not the same, but cases exist where a dye has nothing but 
the {102} effect on KCIO4 and the {011} effect on NH4CIO4 (e.g., Tryp^ 
Red, Orseilline BB). Whatever the cause of this change-over it cannot be 
explained in terms of associated molecules but must involve some complex 
relationship between the impurity and the two surfaces, {011} and {102}, 
for usually one is being influenced even when the other is being more effec- 
tively modified. , u 

Another feature which requires discussion is one originated by France. 

It is that, since the oncoming ions are being pulled in by the residual valency 
force fields of the various surfaces, those surfaces possessing the greater values 
of these force fields will be at a great advantage in the adsorption process 
and the ions w’ill be preferentially adsorbed on them. Since, in general, 
those planes which are peopled by like ions will possess the biggest attractiems 
to impurity ions of opposite sign, they will be the ones to suffer habit 



modification. France cites numerous examples from his own experience where 
such appears to be the case and, standing by itself, the idea seems plausible. 
Instances have been given, however, where crystals can adsorb on neutralized 
planes, e.g., Frondel's work on sodium fluoride, etc. Dye was always 
adsorbed on the {100} surfaces although these are of the rocksalt pattern 
and even when habit changes are taking place on the adjacent {111} planes. 
France still considers the residual valency force fields to pull in the adsorbable 
ions but qualifies it by the remark that if the face, e.g., the unsaturated (iii) 
surface here, after pulling the ions in cannot accommodate them to its 
configuration, they will seek to settle elsewhere, e.g., on the (100) (saturated) 
plane. It is probable that the adhesion of ions to crystal surfaces is not so 
simple as France has assumed, and his example of a non-adhering surface-^ 
the (100) of the KaS04cr5rstal — ^is not fortunate since the writer obtained both 
adhesion and habit modification on this face by means of the dye Alizarine 


“ Frondel, Amer. Miner,, 1^40, 25, 91. 
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Yellow 5G {Colour Index, No. 122) in 1934.^^ Further, when a sufficiently 
large number of experiments are carried out with a large choice of materials, 
it will be found that it is the rule, rather than the exception, for a crystal 
to suffer modification in one of several ways. K2SO4 and borax are good 
examples of this, though the latter is usually only influenced at great strengths 
of impurity (Fig. 4 and 5). Some of these variations are shown in Table V, 
and examples are known where habit change actually occurs on the predom- 
inant form of a crystal which is often presumed to be a neutral type of plane, 
e.g., on {010} of K2Cr207 and of potassium hydrogen tartrate, both of which 
are rendered even more extensive, and the crystals correspondingly thinner, 
by impurities. 

We have cleared the ground by discussing various phenomena occurring 
during the growth of a crystal in the presence of impurity. We may then 
come to the most important point to be raised by the writer in this paper, 
viz., that no direct relationship can be traced between deposition of impurity 
on certain faces — ^whether in the manner advocated by the writer or by 
Bunn and Royer — and modification of habit. Hints of this possibility have 
already appeared in this paper, e.g., Walcott's observation ® that barium 
nitrate crystals, modified by Methylene Blue to cube-habit, may yet be 
colourless, and the observation of Frondel that whereas the habit change 
in NaF with Croceine Orange {Colour Index, No. 26) is from cube to octa- 
hedron, actual deposition is on {100}. But the point was first stressed in a 
paper in 1934 by the writer, from observations on K2SO4 crystals, that 
visible deposition could be quite unrelated to habit change. Photographs 
showed well-marked hour-glasses on {110} and on {111} of coloured dye 
which exhibited pleochroic changes, i.e., the dye ions had been incorporated 
in the host lattice in a regular manner, and yet there was an accompanying 
strong habit change, not on {110} or {111} but on {010}, and this had no 
adhesion of particles to it. 

Plate II a shows K2SO4 with Azo Orseille R (No. 34), tabular on {010} 
with strong hour-glass inclusions on {no}. Plate II 6 is K2SO4 with Brilliant 
Congo R, also tabular on (oio). 

Another observation supporting this view is that very frequently very 
small amounts of impurity are needed to cause strong habit changes, e.g., 
KCIO3 with Trypan Red (i in 60,000 by weight of the latter or i molecule to 
600,000 — or more — of the salt). Again, Cotton Blue Cone. No. i {Colour 
Index, No. 707) with K2Cr04 crystals at a concentration of i in 67,000, or 
Brilliant Azurine B (No. 511) with NH4CIO4 at i in 45,000. At these concen- 
trations the solution is nearly colourless and the crystals definitely so. It 
would appear then that, during growth, the following are possible, according 
to circumstances such as rate of growth, concentration of ingredients and 
relationship of structures : (i) formation of parallel growths (epitaxis) ; 

(ii) the deposition of ionic impurities in parallel positions in layers or hour- 
glasses, (iii) modification of the crystal habit. No necessary connection 
between the latter and either of the former two has yet been found though 
some kind of connection between (ii) and (iii) seems to be implied in the 
writer's many figures for the differing potencies of different molecular 
configurations, but whatever it is remains to be discovered. 

If it should be admitted that there does not appear to be any alternative 
to adhesion of particles for explaining habit modification, we are still on 
the horns of a dilemma. For consider two adjacent faces. One of these 
has occasional impurity ions adhering to it which are ousted from time tp 
time and the surface cleaned up. This ousting creates the delay which 


Buckley, Z. Krist, A, 1934, 88 , 122. 
Buckley, Z. KrisL A, 1934, ^ 4 ^* 
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results in a changed rate of growth. Round the corner or edge a far greater 
number of the same ions are adhering, but this time the surface does not 
adjust itself by clearing these out, but grows over them. Yet this growing 
over and including causes less change in the growth rate than the operation 
just described. WTiy doesn't the (oio) face of K2SO4 grow over the trivial 
number of ions which are reputed to cause the habit change (one to several 
hundred thousands of ions with Trypan Red» Colour Index, No, 438) ? 
Again, with many faces of different crystals, habit change and inclusion 
occur together. Are there still two functions for the same ion or is the 
habit change in this case merely due to the delay caused by growing over 
and inclusion ? 

The two cases given in this paper show how, with Azo Orseille R {Colour 
Index, No. 34), habit change is on {010} and adhesion on {no}: with 
Brilliant Congo R {Colour Index, No. 456), habit change is on {010} and 
adhesion on {in}. Now in one case (possibly not unique, but the only one 
detected) habit change and inclusion were on the same {010} faces. This, 
occurred with Columbia Green B, Actiengeselkchaft sample of Colour Index^ 
No. 593. This is readily decomposed by heat and the solution is difficult 
to prepare. It is an interesting problem. 

Crystallography Department, 

The University, 

Manchester, 


THE EFFECT OF DYES ON THE CRYSTAL HABITS OF SOME 

OXY-SALTS 

By a. Butchart and J. Whetstone 
Received 4th February, 1949 

The normal acicular crystals of ammonium nitrate are not well adapted 
to the uses of the salt in explosives, fertilizers, etc., and an extended investiga- 
tion of the crystal habit modification of the salt by the presence of impurities 
in the saturated solution has been made. The impurities introduced included 
a comprehensive range of synthetic dyestuffs, and in all over 120 individual 
dyes were tested. In view of the very interesting effects obtained with the 
acid triphenylmethane dye. Acid Magenta, which are described below and 
in the following paper,^ a similar search for crystal habit modiftcants of 
ammonium sulphate, potassium nitrate and sodium nitrate has been 
conducted. 

The study of the crystal habit modification of ammonium nitrate is 
complicated by the range of polymorphs occurring between 169° C and room 
temperature. Lehmann 2 found that roseocobaltic nitrate modified the 
crystal habit of ammonium nitrate II, the tetragonal modification stable 
between 84*2° C and 125-2° C, while Bunn observed that the habit of the 
orthorhombic ammonium nitrate IV, stable between — i8°C and 32° C 
and metastable up to 50° C, was modified from the normal {110} acicular 
prisms to platy crystals by crystallization in the presence of o-io % sodium 


* Whetstone, This Discussion. 

» Lehmann, Z. Krist., 1887, la, 389, 
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hexametaphosphate.® Retgers ^ investigated the artificial colouring of 
ammonium nitrate, potassium nitrate and ammonium sulphate, among 
other substances, by dyes, but did not find any crystal habit modifications 
of these salts, apart from one isolated example, in the case of potassium 
nitrate. No previous account of the crystal habit modification of ammonium 
nitrate in the presence of dyestuffs has been found in the literature ; the 
present paper deals with the crystal habit modification of ammonium 
nitrate IV. 

Although France indicated that he intended to investigate the crystal 
habit modification of ammonium sulphate with dyes ® no publication on 
this subject has been traced ; this worker has, however, examined the 
isomorphous potassium sulphate ® and has also investigated the crystal 
habit modification of a number of oxy-salts including sodium nitrate.*^ 
Buckley also investigated the crystal habit modification of potassium 
sulphate, and other oxy-salts, by dyes.® No record of any investigation 
of the crystal habit modification of potassium nitrate has been traced. 

Experimental and Results 

The dyes used by Buckley and France in their investigations were mainly 
azo-dyes ; Buckley in particular carried out intensive investigations, but only 
a few examples of dyes belonging to other classes are mentioned in his publica- 
tions. In the present work, the dyes included a substantial number of tri- 
phenylmethane derivatives, while anthraquinone and other dye classes were also 
included in the selection examined. The dyestuffs used were mostly commercial 
samples, although a few were laboratory preparations. Their purity was thus 
in almost all cases unknown, and accordingly no attempt to obtain a quantitative 
relationship between the extent of the observed habit modifications and the 
dyestuff constitution has been possible. 

In general, the concentration of dye used in the mother liquor in these tests 
has not exceeded o-io %. In many cases, however, the solubility of the dyes 
has been extremely low, owing to the high saline concentration in the" salt solutions 
(this has particularly been the case with ammonium nitrate and ammonium 
sulphate) and the dyes have been used in saturated solution. No attempt in 
these cases has been made to estimate the dye concentration. 

Tables I, II, III and IV summarize respectively the effects of dyes on the 
crystal habit of ammonium nitrate IV, ammonium sulphate, potassium and 
sodium nitrates, as encountered in these investigations. The full range of dyes 
tested is not included in these Tables : sufficient, however, of the dyes not found 
effective in crystal habit modifications has been included to give an indication 
of the complete range examined. In each Table, the first column indicates the- 
dyestuff class, the second column the identification number of the dye in Rowe’s- 
Colour Index, the third the name of the dye, the fourth an approximate indication 
of the order of the solubility of the dye in the saturated salt solution, and the 
fifth gives a brief description of the types of habit modifications encountered. 
In contrast with the procedure of Buckley, who looked for a “ standard ” degree 
of habit modification given by a very small proportion of his most effective dyes,, 
and who therefore obtained habit modifications of a similar order with many 
other dyes (especially because he was dealing with less soluble salts having a 
considerably smaller salting-out ” effect on the dyes than those considered 
here), we have aimed at recording the maximum habit modification obtainable,, 
when the dye is present in saturated solution in the saline mother liquor, except 
for the most powerfully effective dyes, when O'lo % solutions were used. 


• Bunn (private communication). 

• Retgers, Z, physik. Chem., 1893, 13, 614. 

• France, J. Alexander’s Colloid Chemistry, Vol, V (Reinhold, New York, 1944), P* 443*- 

• Rigterink and France, Physic. Chem., 1938, 42, 1079. 

’ Weinland and Prance, ]. Physic. Chem., 1932, 36, 2832. 

• Buckley, Z. Krist. A, 1934, 122, 248, 381. 
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TABLE I 

Crystal Habit Modification of Ammonium Nitrate IV with Dyes 



Colour 


Solu- 
bility * 

Effect on habit of 
crystals 

t 

Dye class 

index 

number 

Name of dye 

Nitroso- 



1 

1 

Tendency to {010} laths 

compounds 

5 

Naphthol Green BNS 

S. 

Nitro- 




Tendency to {010} plates 

compounds 

10 

Naphthol Yellow S 

V.S.S. 

Mono-azo 

27 

Naphthalene Fast 


Tendency to {010} laths 



Orange 2G 

S.S. 


79 

Naphthalene Scarlet 




R125 

V.S.S. 

— 


89 

Crystal Ponceau 

S.S. 

— 


153 

Azofuchsine G 

S.S. 

Fibrous {010} crystals 


180 

Carmoisine LS 

V.S.S. 

— . 


182 

Fast Red E 

V.S.S. 

— 


183 

Croceine Scarlet 3BX 

S.S. 

— 


184 

Edicol Amaranth 

S.S. 

Fibrous or platy {010} 




crystals 


185 

Wool Scarlet 4R 

S.S. 

— 


186 

Ponceau 6R 

S.S. 

— 

Bis-azo 

307 

Coomassie Fast Black B 

Insol. 

Tendency to produce {010} 


441 

Chromazol Yellow CRS 

S.S. 





plates 


512 

Chlorazol Blue R.W. 

V.S.S. 

— - 


518 

Chlorazol Sky Blue F.F. 

V.S.S. 

Some {010} tabular crystals 

Pyrazolone 

b39 

Lissamine Fast Yellow 

S.S. 

1 

640 

Tartrazine 

S.S. 

— 

Diamino- 

666 

Acid Green G 

S.S. 


triphenyl - 
methane 


C62961 

i 

Platy {010} crystals 

Triamino- 

680 

Methyl Violet 


Tendency to {010} plates 

triphenyl- 


(sulphonated) 

s. 

mc thane 

692 

Acid Magenta 

s. 

Thin {010} plates 


694 

Acid Violet 4RS 

s. 

Tendency to {010} plates 


706 

Methyl Blue MBJ 

S.S. 

Tendency to {010} laths 

liydroxy- 




Tendency to {010} laths 

It >» »» 

amino- 

712 

Disulphine Blue V 

S.S. 

triphenyl- 

methane 

7^5 

Xylene Cyanol F.F. 

S.S. 


Hydroxy- 



Rosolic acid trisul- 


Tendency to {010} laths 

triphenyl- 


phonate 

S. 

methane 

1 

722 

Solochrome Cyanine R.S. 

S.S. 

Diphenyl- 

734 

New Patent Blue 4B 

S.S. 

— 

naphthyl- 

735 

Lissamine Green V.S. 

S.S. 

Tendency to {010} laths 

methane 

737 

Lissamine Green B.S. 

S.S. 

— 

Xanthene 

758 

Fast Acid Violet R 

V.S.S. 

— 

Oxazine 

879 

Gallophenine D 

S.S. 

— 

Anihra- 



I : 4-diamino-anthra- 


Tendency to {010} plates 

qu inane 


quinone 2-sulphonate 

I : 5-diamino-anthra- 

S. 



quinone sulphonate 
1:4:5: 8-tetra-amino- 

V.S.S. 

— 



anthraquinone sul- 
phonated 

S.S. 

— 


* In all Tables, S. = soluble ; S.S. = slightly soluble ; V.S.S. = very slightly soluble. 
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TABLE II 

Crystal Habit Modification of Ammonium Sulphate with Dyes 


Dye class 

Colour 

index 

1 number 

Name of dye 

1 

Solu- 

bility 

1 

Effect on habit of 
crystals 

Nitroso 

5 

Naphthol Green BNS 

S. 

— 

Mono-azo 

27 

Naphthalene Fast Orange 





2G 

S. 

— 


89 

Crystal Ponceau 

v.s.s. 

— 


153 

Azofuchsine 

s.s. 

— . 

1 

182 

1 Fast Red E 

v.s.s. 

— 


183 

! Croceine Scarlet 3BX 

s.s. 

— . 


184 

Edicol Amaranth 

s. 

Long fibrous flexible 





crystals 


186 

Ponceau 6R 

s. 


Bis-azo ■ 

441 

Chromazol Yellow CRS. 

v.s.s. 

— 


518 

Chlorazol Sky Blue F.F. 

s. 

Dye adsorbed without 





modification 

Pyrazolone 

652 

Eriochrome Red 

s.s. 

— 


639 

lissamine Fast Yellow 

s.s. 

— 


740 

Tartrazine 

s. 

Long fibrous flexible 


1 



crystals 

Diamino - 

666 

Acid Green G 

s.s. 



triphenyl- 

— 

C62962 

s.s. 

— 

methane 

— 

C62963 

s.s. 

— 

Triamino- 

fi 57 

Malachite Green 



triphenyl- 


(sulphonated) 

v.s.s. 

— 

methane 

680 

Metliyl Violet 





(sulphonated) 

v.s.s. 

— 


692 

Acid Magenta 

s. 

— 

Anthra- 


I : 4-diaraino-anthra- 

1 


quinone 


quinone 2 -sodium sul- 

1 

1 




phonate 

v.s.s. ! 

— 



i : 5-diamino-anthra- I 





quinone sulphonated 

Insol. 

— 


Ammonium Nitrate IV. — All the crystal habit modifications observed were 
due to the development of the {010} form instead of the usual {110} faces. 
This type of habit modification was very easily detected, since the crystals 
lying on a microscope slide gave acute bisectrix interference figures when 
examined conoscopically. The one common structural characteristic of the 
dyes found effective in bringing about the habit modification was the possession 
of sulphonate substituent groups, but all the dyes also contained at least one 
cationic substituent such as an hydroxyl or primary amino group. 

It is of interest that Amaranth (i84),* representative of the mono-azo dyes 
containing a 3 : 6-disulphonated p-naphthol residue, and found effective by 
France in modifying the crystal habit of potassium sulphate and other salts, had 
a marked effect in modifying the habit of ammonium nitrate IV. The same 
steric factors as observed by France were found to deprive the p-naphthol residue 
of its habit-modifying powers, for the dyes Wool Scarlet 4R (185) containing a 
6 ; 8-disulphonated p-naphthol, and Ponceau 6R {186) containing a 3 : 6: 8-tri- 
sulphonated p-naphthol residue, were quite ineffective. The most marked habit 
modification was obtained with the acid triphenylmethane dye. Acid Magenta* 
(692), a mixture of trisulphonated rosaniline and p-rosaniline. Replacement of 
the amino substituent groups by hydroxyl groups, to give a trisulphonated 


1 


* Numbers refer to the Colour Index f(Rowe, 1924). 
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Rosolic Acid, reduced the extent of the habit niodification, and a similar reduction 
was effected by methylation of the amino groups as shown by the dyes 693 
and 694. Habit modification in a similar degree to that obtained in presence of 
the last two dyes was found to be produced by Methyl Violet (680) after sulphona- 
tion. Ethylation or benzylation of the amino group appeared to destroy the 
capacity of the dye for habit modification of ammonium nitrate IV. A few 
of the more complicated triphenylmethane dyes were found to have only a 
slight effect on the habit of the sit. Of a series of diamino-triphenylmethane 
acid dyes of similar character to Acid Green (666), only one (C62961) was found 
to have a marked effect on the habit of the salt, and further sulphonation of this 
dye appeared to negate this habit modification. 


Structure of Experimental Dyestuffs C62959-C62963. 



B 


C62959 ; A = CgH, ; 

C62961-C62963 ; A = CaH4SO,H ; 

C62959, C6296I, and C62963 are sulphonated at B ; 
C62959, C62962, and C62963 are sulphonated at C. 


A few apparently isolated dyes were found to possess fairly marked habit 
modifying properties, e.g., Chromazol Yellow CRS (441) a bis^azo dye, and 
I : 4-diamino-anthraquinone 2 -sodium sulphonate ; it is perhaps noteworthy 
that sulphonated i : 5-diamino- and 1:4:5: 8-tetra-amino-anthraquinone did not 
modify the habit of the salt. Another example was the mono-azo dye Azofuchsine 
(153), and the bis-azo dye Chlorazol Sky Blue F.F. (518) gave a definite habit 
modification, the crystals of the salt in this case being coloured a deeper blue than 
the saturated saline solution of the dye. 

Ammonium Sulphate. — ^'fhe most marked habit modifications of this salt 
were obtained with the pyrazolone azo-dyestuff Tartrazine (640) and the 
mono-azo dyestuff Amaranth (184) containing the 3 : 6-disulphonated ^-naphthol 
residue. As in the case of ammonium nitrate, the dyestuffs W ool Scarlet 4R ( 1 85) 
and Ponceau 6R (186) were not effective, again presumably because of the same 
steric factors. None of the other pyrazolone dyestuffs, in spite of their similarities 
to Tartrazine, was found effective in bringing about habit modification of 
ammonium sulphate. The habit modification appeared to be in the direction 
of the {001 } form, identifiable by giving an obtuse bisectrix interference figure. 
Owing to the extreme thinness of the crystals obtained with 0*10 % of the above 
dyes, this deduction necessarily had to be made from observations of crystals 
from much more diluted solutions of the dyes, showing less extreme habit 
modification. 

Definite indication of the formation of the {001 } pinacoidal form was obtained 
in the presence of dyes such as Chlorazol Sky Blue F.F. {518) having a less marked 
effect on the habit of the crystals. 

Potassium Nitrate. — In the case of this salt, habit modification was always 
found to be in the direction of producing plates of extended {001 } form, which 
were easily recognized, since they produced an acute bisectrix interference 
figure on examination conoscopically. Amaranth was again effective in producing 
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„ TABLE III 

Crystal Habit Modification of Potassium Nitrate with Dyes 


Dye class 

Colour 

index 

number 

Name of dye 

Solu- 

bility 

Effect on habit of 
crystals 

Nitroso 

5 

Naphthol Green BNS 

S. 

— 

Mono-azo 

27 

Naphthalene Fast Orange 

S. 

— 


79 

Naphthalene Scarlet 2R 

v.s.s. 

— 


153 

Azofuchsine G 

S. 

— 


182 

Fast Red E 

S. 

strong tendency to {001} 
plates 


183 

Croceine Scarlet 3BX 

s. 

{001} tabular crystals 


184 

Edicol Amaranth 

s. 


185 

Wool Scarlet 4R 

s. 

— 


186 

Ponceau 6R 

s. 

•— 

Bis-azo 

441 I 

Chromazol Yellow CRS 

S.S. 

— 


518 

Chlorazol Sky Blue F.F. j 

S. 

1 . . - 

Pyrazolone 

637 

1 

Hydrazine Yellow 

S. 

— 

639 

Lissamine Fast Yellow 

S.S. 

— 


640 

Tartrazine 

S. 

Tendency to {001} plates 

Diamino- 

666 

Acid Green G 

s. 

— 

triphenyl- 

methane 

669 

1 

Acid Green M 

1 

S. 

Tendency to {001} plates 

Triamino- 

692 

Acid Magenta 

S. 

— 

triphenyl- 



{001} tabular crystals 

methane 

/07 

Soluble Blue 

s. 

Hydroxy- 

712 

Disulphine Blue V 

s. 

— 

triphenyl- 

722 

Soloclxrome Cyanine RS 

S.S. 

— 

methane 


Rosolic Acid Trisul- 


Thin {001} plates 



phonate 

S. 

Diphenyl- 

naphthyl- 

methane 

735 

Lissamine Green VS 

s. 

■ 

Anthra- 


I : 4-diamino-anthra- 



quinone 


quinone 2 -sodium sul- 
phonate 

S. 

Thin {001} plates 



I : 5-diamino- anthra- 




quinone 2 -sodium sul- 
phonate 

1:4:5: 8-tetra-amino- 

s. 

— 



anthraquinone sodium 
sulphonate 

s. 

Thin {001} plates 


habit modification, and also several dyes of the Fast Red E type which contained 
a simple ^-naphthol 6-sulphonic acid residue, while the sterically hindered azo 
dyes again had no effect. Tartrazinc was effective ; also, one or two tri- 
phenylmethane dyes were found capable of bringing about a somewhat similar 
habit modification ; but the most advanced habit modification was obtained 
with two simple anthraquinone derivatives, i : 4-diamino- and 1:4:5: 8-tetra- 
amino-anthraquinone sodium sulphonates, which gave highly coloured, thin 
plates. 

Sodium Nitrate* — ^The typical habit modification of sodium nitrate as 
previously observed by France « lay in the appearance of {001} faces on the 
usual rhombohedra ; the more marked the development of these faces, the 
greater was the tendency for the crystals to approach a platy habit. No out- 
standingly marked habit modification was observe. It is noteworthy that in 
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TABLE IV ^ 

Crystal Habit Modification of Sodium Nitrate with Dyes 



Colour 


Solu- 

bility 


Dye class 

index 

number 

Name of dye 

Effect on habit of 
crystals 

Mono-azo 

27 

Naphthalene Orange 

S.S. 




53 

Lissamine Violet 

S. 

— 



Aniline *su Ip hon ate 





coupled with p-naph- 
thol 6-sulphonic acid 

S.S. 

Rhombohedra flattened 





{001} faces 


182 

Fast Red E 

V.S.S. 




184 

Edicol Amaranth 

Insol. 

— 


185 

Wool Scarlet 4R 

V.S.S. 

Slight tendency to produce 
{001} form 


186 

Ponceau 6R 

S.S. 

Bis-azo 

346 

Chlorazol Yellow 

s. 

— 


441 

Chromazol Yellow CRS 

s. 

— 


518 

Chlorazol Sky Blue F.F. 

s. 

{001} form developed on 




rhombohedra 

Pyrazolone 

636 

Fast Light Yellow 

s. 

— 

640 

Tartrazine 

V.S.S. 

— 

Diamino- 

666 

Acid Green G 

S.S. 

— 

triphenyl- 

669 

Acid Green 

s. 

— 

methane 

670 

Acid Green GG extra 

s. 

Flattened rhombohedra 


C62959 i 

s. 

{001} faces 

Flattened rhombohedra 

{001} faces 




C62961 

s. 

Triamino- 

692 

Acid Magenta 

s. 

— 

triphenyl- 

methane 

707 

Soluble Blue 

s. 

{001 } form on rhombohedra 

Hydroxy- 



Rosolic Acid Trisul- 



triphenyl- 


phonate 

s. 

— 

methane 

722 

Solochrome Cyanine RS 

Insol. 

— 


715 

Xylene Cyanol F.F. 

s. 

— 

Diphenyl- 

naphthyb 

methane 

735 

Lissamine Green V.S. 

s. 



Azine 

861 

Induline 

s. 

{001} form on rhombohedra 

Oxazine 

879 

Gallophenine 

S. 

{001} form on rhombohedra 


the change from the orthorhombic to trigonal system, the effectiveness of dyes 
such as Amaranth in modifying habit is apparently lost, and dyes such as 
Induline, Gallophenine, and Acid Green GG extra were found effective in bringing 
about habit modification. 


Discussion 

The large variety of dyes found to be active crystal habit modificants, 
for each substance and also taken together, would appear to make it 
impossible to postulate a simple scheme to explain the effects of dyes in 
general in limiting crystal growth in certain well-defined directions in 
crystalline substances. Such a scheme must explain why, for instance, 
(a) Acid Magenta and Amaranth give marked habit modifications of 
ammonium nitrate IV, while Tartrazine has no effect, (b) Acid Magenta has 
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no effect on amnionitim''sulphate and potassium nitrate although Amaranth 
and Tartrazine both have marked effects on the habit of these salts, and 
(c) 1 : 4-diamino-anthraquinone 2-sodium sulphonate brings about marked 
habit modification of ammonium nitrate IV and potassium nitrate, yet 
does not affect ammonium sulphate. No theory involving the fitting of 
these dyes on one given crystal plane for each salt has so far been found capable 
of explaining these facts. It is noteworthy that in all cases examined, the 
crystal planes on which growth was limited by the dyes consisted of alternate 
positive and negative ions, which is contrary to the conception postulated 
from study of sulphates by France that planes consisting of like ions, 
i.e., of high potential, were preferentially affected by sulphonated dyestuffs. 
These observations are in agreement with the conclusions of Frondel ® 
who studied the effect of dyes on a number of halides belonging to the cubic 
system. 

We have frequently observed the inclusion of dye in growing crystals to 
give tinted zones, as noted by Buckley ® and frequently the dye has been 
laid down on planes other than those most affected by the habit modification. 
In some cases zones of colour have been proved to be liquid inclusion, since 
regular etched cavities have been developed by heating the crystal on the 
microscope stage, e.g,, hexagonal cavities were developed when potassium 
nitrate crystals modified by Tartrazine were so examined. However, in the 
case of ammonium nitrate IV modified with i : 4-diamino-anthraquinone 
2-sulphonate and Acid Magenta, definite dye inclusions in the crystals have 
been noted. 

It is considered that it is unlikely that a simple explanation of all the 
facts collected during work on crystal habit modification of salts in the 
presence of dyestuffs can at present be evolved. The mechanism of the 
effect of the dyes must be bound up with the actual mode of growth of the 
crystal planes, which itself can as yet be only inadequately explained. We 
are at present conducting an examination of the relationships between the 
ionic structure of crystal planes possibly concerned with dye absorption, and 
the constitution of dyes. It is possible to consider only the simpler dyes, 
but it is thought that the studies may at least prove of interest by showing 
clearer analogies between the structures of crystal planes and the dyestuff 
constitutions than have heretofore been suggested. 

Research Department, 

I.CJ, Limited, Nobel Division, 

Stevenston, 


* Frondel, Amer. Miner,, 1940, 25, 91. 


THE EFFECT OF CRYSTAL HABIT MODIFICATION 
ON THE SETTING OF INORGANIC OXY-SALTS 

By J. Whetstone 
Received 4th February, 1949 

It has been shown ^ that the caking of a water-soluble salt is a surface 
rectystallization phenomenon. The first stage in the caking process is the 
sunace adsorption of moisture by the salt granules, or the migration to the 


» Lowry and Hemmings, J. Soc. Chem. tnd., 1920, loi. 
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surface of moisture mcluded in the granules during their preparation. 
Either process results in the production of a surface film of saturated solution 
which is concentrated by capillary forces at each point of contact between 
contiguous granules to form a liquid bridge.'* Subsequent drying or 
temperature variation results in the partial or complete recrystallization of 
the dissolved salt into microcrystalline bridges which cement the granules 
together. The effect of this intergranular bonding occurring throughout a 
large package of ammonium nitrate, or other salt, is often to produce such 
hard caking that commercial handling difficulties are very much increased. 

It is a common industrial practice suitably to modify the habit of certain 
crystalline substances, in the course of their manufacture, to improve their 
handling properties. Cases in point are the precipitation from solution in 
the presence of dextrin of lead azide to give rounded aggregates instead 
of the usual acicular crystals,^ the crystallization of ammonium sulphate 
in the presence of magnesium sulphate and a trivalent metal sulphate to 
give crystals of controlled shape,* and the improvement in handling properties 
results from the modification in shape of these macroscopic crystals. 

It has now been shown that if such a process of crystal habit modification 
is applied to a granular salt, it is sometimes possible to ensure that the solid 
bridges in the caked material are deposited in a fragile condition, so that the 
hardness of the bulk product remains low even after appreciable solution and 
recrystallization. This is a novel principle in the control of the caking of 
salts, and one of surprising efficacy. 

Experimental and Results 

During the investigation of the crystal habit modification by dyestuffs and 
surface-active agents of ammonium nitrate and other oxy-salts, it was observed 
that coating ammonium nitrate crystals with 0-03 % of the dyestuff Acid 
Magenta brought about a most marked reduction in the setting tendency of the 
salt.* Acid Magenta has the effect of modifying the crystal habit of ammonium 
nitrate IV from the usual acicular { 1 10} prisms to {010} plates, or minute “ scales,'' 
and it was apparent that the dye coating of the macroscopic crystals provided 
a possible means of altering the crystal habit of the microcrystalline bonding 
between granules produced in the setting process. A number of other dyestuffs 
had also been found effective in modifying the habit of the salt to one with 
extended {010} form. These dyestuffs in general were not found to be capable 
of reducing the setting tendency of ammonium nitrate to nearly the same extent 
as did Acid Magenta.® It was therefore deemed of interest to investigate the 
relationship between the crystal habit of the microcrystalline bonding between 
set salt particles and the setting of the salt ; and the investigations with ammon- 
ium nitrate were extended to include ammonium sulphate, potassium nitrate 
and sodium nitrate. An important preliminary was definitely to establish that 
the habit modification of ammonium nitrate IV with Acid Magenta was connected 
with the reduced tendency to set of the salt, surface-coated with the dye. The 
possibility that the freedom from caking was in some manner due to the presence 
of the sulphonated triphenylmethane residue and not to the habit modification 
was eliminated by the observation that an ammonium nitrate/potassium nitrate 
90/10 solid solution (in which the ammonium nitrate was stabilized as the 
modification III)* set almost normally after the granules had been coated with 
0-05 % Acid Magenta. Acid Magenta did not markedly affect the surface tension 
of saturated ammonium nitrate solution, thus it was unlikely that its effect lay 
in the reduction of the cross-sectional area of the liquid bridges between 
contiguous crystals of the moist salt. The dye was also extremely soluble in the 
salt solution, so that a mechanism depending on the deposition of solid Acid 

• Miles, PhiL Trans., 1935, * 35 » 125. 

• Roberts, Gas World, 1943, 119, Coking Section 8, 

• Whetstone and I.C.I., Brit. Pat., Appl, No. 401/47, 

• Whetstone and I.C.I., Brit. Pat., Appl. No. 24829/47. 

• Whetstone, Can. J. Res. B, 1948, a6, 499. 
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Magenta particles on the surface of the salt granules was not acceptable. It was 
therefore concluded that the effect of Acid Magenta on the setting of ammonium 
nitrate must be a consequence of the habit modification brought about by the 
dye on the polymorph of the salt stable at normal temperatures. 

Buckley, in his investigations of the effect of dyes on the crystal habit of 
potassium perchlorate, chlorate and sulphate ’ attempted to relate the degree 
of habit modification obtained with the proportion of dye in the crystallizing 
solution. In the control of setting, however, a saturated solution of the dye is 
almost certain to be present during the crystallization process, because even a 
dye concentration of 0 05 % on the surface of ammonium nitrate which later 
adsorbs 0*2 % of moisture could theoretically produce a solution containing 
nearly 10 % of dye, a proportion not approach^ even by Acid Magenta, at 
ordinary temperatures. Therefore, in the present work it was decided to study 
crystallization from solutions which were saturated with respect to the dyes, so 
that the results would be directly comparable with the recrystallization which 
occurs during the process of caking. 

Caking tendency was estimated by preparing lightly compressed (10 Ib./sq. in.) 
cylinders of the salt, i diam., in porous paper wrappers, and allowing these to 
stand in a suitably humid atmosphere, the moisture uptake being controlled by 
time of exposure and observed by frequent weighing. Setting was induced, after 
the required moisture content had been reached, by drying the cylinders and 
the hardness was then determined with a simple penetrometer. Table I contains 
a summary of the relationships between moisture uptake and hardness of the 
set cartridges of the salts examined, in the presence of certain dyes. 

Ammonium Nitrate. The relationship between the maximum effect of each 
dye on the crystal habit of ammonium nitrate IV and its effect on setting when 
coated in the proportion of o*io % on crystals of the salt was first investigated. 
No dye was found to be equal to Acid Magenta (which had a very high solubility 
(3~4 %) in the saturated salt solution and which produced the most extreme 
degree of crystal habit modification) in lessening the setting tendency of 
ammonium nitrate IV. A few other dyes, however, which in the crystallization 
experiments had been found capable of altering the habit of ammonium nitrate 
IV to thin plates, were found to give quite a marked reduction in the setting 
tendency of the salt. Probably the best of these was i : 4-diamino-anthraquinone 
2-sodium sulphonate ; but some triphenylmethane dyes similar to Acid Magenta 
save that the amino groups were alkylated, such as Red Violet 4 RS (694) or 
sulphonated Methyl Violet, were also quite effective. Dyes such as Amaranth 
(184) and the more complicated sulphato-triphenylmethane dyestuff " €62961 
were rather less effective. 

The dyes which brought about habit modification to prisms and laths, such as 
Chlorazol Sky Blue FF (518) and Chromazol Yellow CRS (441), had a smaller 
effect on the caking of ammonium nitrate. Results of nearly the same order 
were obtained with certain dyes which caused no habit modification and which 
merely exercised a surface-coating effect on the crystals. 

It appeared, therefore, that the extent of the habit modification obtainable 
with saturated solutions of the dyes in ammonium nitrate solution could be 
linked with the improvement in setting obtainable when ammonium nitrate was 
coat^ with 0*1 % of the dye. Dyes capable of giving a very extreme habit 
nxodification were apparently most effective in controlling setting, whereas dyes 
giving slight habit modification had but little effect. The validity of this rather 
circumstantial conclusion has been tested by similar investigations to relate the 
maximum effect of dyes on crystal habit modification with the effect of dyes on 
setting when ammonium sulphate, potassium nitrate and sodium nitrate were 
coat^ with small proportions (o*io % unless otherwise stated) of dyestuffs, 
applied from solution to the salt crystals. 

Ammonium Sulphate . In the case of ammonium sulphate, the two dyestuffs 
Amaranth (184) and Tartrazine (640) which had been found to produce the most 
extreme habit modification (aggregates of thin flexible fibrous crystals in each 
case being deposited from solutions of ammonium sulphate containing oao % 


» Buckley, Z. KnsU, 1933, « 5 * 58 ; 1935 . 9 *. 375 - 
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TABLE I 

Effect of Dye Treatment on Setting of some Inorganic Salts 
(Mesh figures given refer to B.S.S.) 


Moisture Contents and Setting Hardness 


Salt, Dye, Colour Index No., 
Quantity used 

Mois- 

ture 

(o-o-5%) 

Hard- 

ness 

Mois- 
ture 
( 0 - 5 - 
0-9 %) 

Hard- 

ness 

Mois- 
ture 
(above 
i-o %) 

Hard- 

ness 

Ammonium Nitrate * 

o*i8 

9 

0*58 

>18 



(30-60 mesh) 







Acid Magenta (692) 

0*14 

3 

0*59 



5 

0-05 % 

0*21 

2 

0-73 



6 

I : 4>diamino*anthraquinone 



0*52 

3 

1*04 

6 

2-sulphonate o*io % . . 



0*77 

5 

3-o6 

>18 

Amaranth (184) . . 

0*19 

5 

0-54 

8 



O-IO % 

0*37 

5 





Chromazol Yellow CRS (441) 



0*55 

13 



O-IO % 

0-28 

10 

0*60 

>18 



Azofuchsine G (153) 



0*39 

7 



0*10 % 

0*24 

5 

0*86 

14 

1*07 

>18 

Ammonium Sulphate 

0*250 

13 





(100 mesh) 

0-458 

>18 





Amaranth (184) .. 

0*29 

0 

0*89 

0 

1*79 

6 

0*10 % 

0*36 

0 



3 *ifi 

10 

Azofuchsine G (153) 

0*310 

5 

0*50 

13 



0*10 % 



0*89 

>18 



Ammonium Sulphate 

0-34 

8 

0*58 

12 

1*26 

>18 

(24 mesh) 



o*8i 

>18 



Tartrazine (640) , . 

0*38 

■Qi 




6 



■H 




4 

Chlorazol Sky Blue F.F. (518) 

0*48 

6 

0*57 

5 

1*12 

18 

Potassium Nitrate 

0*199 

>18 





(150-200 mesh) 

0*316 

>18 





I : 4-diamino-anthraquinone 

0-37 

3 

0*66 

5 

1*67 

5 

2-sulphonate o-io % . . 



0-53 

5 

1*97 

8 

Fast Red E 

0*21 

6 

0*86 

7 




0*35 

6 





Tartrazine (640) . . 

0*104 

5 

0*64 

>16 



o-io % 

0-35 

6 






0*457 

6 





Amaranth (184) .. 

0-20 

8 

0*71 

>18 



O'lO % 

0-44 

9 

0*92 

>18 




* Plant product with i % china clay. 
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of these dyes) were also found to give a most marked reduction of the setting 
tendency of the salt, which effect was not equalled by any other dyes investigated.® 
Such dyes as Chlorazol Sky Blue F.F. (518) and Azofuchsine G (153), which had 
been found to give a less marked effect on the crystal habit of the salt, had but 
a slight effect on its setting tendency. 

Potassium Nitrate. The two dyestuffs, i : 4-diamino-anthraquinone 2- 
sodiumsulphonateand 1:4:5: 8-tetra-amino-anthraquinone sodium sulphonate, 
which had been found to have the most extreme effect on the habit modification 
of potassium nitrate, giving thin plates tending to become hexagonal in outline, 
were found to be more effective in reducing the setting tendency of the salt 
than any other of the dyes examined ; • while dyes such as Tartrazine (640) and 
Amaranth (184) which gave a less advanced crystal habit modification of the 
salt than the above anthraquinone derivatives did not reduce the setting tendency 
of potassium nitrate to the same extent. The disparity between the effects of the 
best dyes in reducing setting and those found less effective was probably not as 
marked as in the cases of ammonium sulphate and ammonium nitrate. 

Sodium Nitrate. No dyestuff has yet been found capable of giving a marked 
reduction in the setting tendency of sodium nitrate. It is a noteworthy fact, 
therefore, that no dye has been observed to modify the crystal habit of the salt 
in an extreme degree. 

Discussion 

It is considered probable that the effect of a crystal habit modificant in 
reducing the setting of salts such as those examined is connected with its 
tendency to produce modified crystals of extreme thinness in the micro- 
crystalline bonding between granules of the set salt. It has so far proved 
impossible directly to examine the intergranular bonds and therefore to 
verify this deduction. However, consideration of the nature of the habit- 
modified ciystals obtained from experiments involving the crystallization 
from solution of the salts in presence of dyes provides strong presumptive 
evidence that the effect of the dyes found most effective in reducing setting, 
such as Acid Magenta for ammonium nitrate, Amaranth for ammonium 
sulphate, and i : 4-diamino-anthraquinone 2-sodium sulphonate for potassium 
nitrate, is due to the extreme thinness and fragility of the platy crystals 
produced in their presence. The crystals obtained from ammonium nitrate 
solutions at the ordinary temperature in the presence of Acid Magenta in 
proportion about 0*10 %, for instance, when wet are extremely soft, and when 
dry are quite friable. None of the other crystal habit modificants examined 
with ammonium nitrate produced crystals of comparable fragility and it is 
extremely probable that the effect of Acid Magenta on the setting of 
ammonium nitmte is simply to reduce the mechanical strength of the inter- 
granular bonding by modification of its microcrystalline structure. The 
other crystal habit modificants examined reduce the mechanical strength 
of the bonding in less degree according to the thinness of the crystals 
produced in their presence. 

Sunilarly, in the case of anunonium sulphate, the crystals obtainable 
when Amaranth or Tartrazine is dissolved in the crystallizing solution are 
of extreme flexibility when wet and are extremely fragile when dry, and 
the action of these dyes in combating setting is presumably similar to that 
deduced for Acid Magenta with ammonium nitrate. The thinness of the 
crystals produced by potassium nitrate in the presence of i : 4-diamino- 
anthraquinone 2-sodium sulphonate and 1:4:5: 8-tetra-amino-anthraquinone 
sodium sulphonate is perhaps not quite so marked ; but these dyes have a 
much greater habit-modifying effect for this salt than any others examined 
and were found to produce the greatest reduction in setting tendency. 

* Butchart, Whetstone and I.C.I., Brit. Pat., Appl. No. 31726/48. 

Butchart and I.C.I., Brit. Pat., Appl. No. 33380/48. 
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A crystallographic examination of the crystals of extremely modified 
habit is instructive in explaining their fragility. The anomonium nitrate 
crystals all showed an extended { 010} pinacoidal form, the potassium nitrate 
crystals a {001} form, whilst the ammonium sulphate crystals are regarded 
as having an extended {001} form since this occurred in partially modified 
cr5^tals grown from solutions containing only one five-hundredth of the 
quantity of dye required for saturation. Cleavage planes of these salts 
are given as distinct (010), perfect (on), and distinct (001), respectively, 
by Winchell.^® Ammonium nitrate IV shows relatively good (010) cleavage, 
as would be expected from consideration of its structure. Ammonium 
sulphate crystals show a fairly good and distinct (001) cleavage ; considera- 
tion of the structure of this salt would, however, lead one to expect a ready 
(100) cleavage, and in fact this was found to be the case, the crystals easily 
cleaving parallel with (100) to give sections showing a central " acute 
bisectrix interference figure when examined conoscopically. Ammonium 
sulphate also cleaved, less readily, on (010). The cleavage planes in potassium 
nitrate were less apparent than in ammonium sulphate, the (on) cleavage 
given as perfect in Winchell's book was not easily recognized, but fairly 
distinct cleavages parallel with (010) and (no) were observed. There appeared 
to be no cleavage parallel to (001). 

Thus, in the cases of both ammonium sulphate and ammonium nitrate IV, 
the facial development of the crystals of modified habit is parallel with the 
principal cleavage plane. The fracture of the modified ammonium nitrate IV 
crystals therefore can only take place by separating planes of ions having 
relatively strong mutual attractions, since there is apparently no marked 
cleavage plane intersecting the faces of the habit modified crystals. Hence 
arises the importance of the extreme thinness of the crystals modified by 
Acid Magenta in conferring sufficient fragility to allow the dye to affect 
the setting tendency of this salt. 

In the case of ammonium sulphate, crystals modified by Amaranth or 
Tartrazine show face development parallel with the main cleavage plane 
(001), but in addition the (100) cleavage is perpendicular to the direction of 
elongation of these narrow blade-like crystals. This confers the property 
of extreme flexibility on these crystals and increases their friability when 
dry. Since the (100) cleavage is less marked than the (001), however, dyes 
not producing crystals which are extremely thin perpendicular to the (001) 
plane do not tend to give as marked a degree of resistance to setting of 
ammonium sulphate as do Tartrazine and Amaranth. 

The habit modified crystals of potassium nitrate are developed facially in 
a plane intersected by ail cleavage planes of the salt. Thus the fragility of 
the platy crystals obtainable with i : 4-diamino-anthraquinone 2-sulphonate 
and one or two other dyes is sufficient to allow a marked effect to be exerted 
by these dyes on the setting of the salt, in spite of the fact that these habit 
modified cr^^stals are not as thin as those obtainable with Acid Magenta and 
ammonium nitrate IV, or with Amaranth and ammonium sulphate. 

This process of setting-control by the treatment with crystal habit modi- 
ficants of crystalline substances is clearly capable of extension to substances 
other than those examined, provided that suitable dyes or other modificants 
can be found. 

Imperial Chemical Industries, Ltd,, 

Research Department, Nobel House, 

Stevenston, Ayrshire. 

Winchell, Microscopic Characters of Artificial Minerals (T. Wiley and Sons, New 
York, 1931). 



GROWTH AND DISSOLUTION OF CRYSTALS UNDER LINEAR 

PRESSURE 

By Carl W. Correns 
Received /[th March, 1949 

Two problems are closely connected with crystal growth concerning 
which much obscurity exists still. It is strange that the connection between 
the two problems has only recently been established although both are the 
expression of the same laws. The two problems are, on the one hand, 
the pressure exercised by growing crystals and, on the other, the dissolution 
of crystals under the influence of linear pressure. In this connection by 
growth pressure {W achstumsdruck) is meant only the property of a growing 
crystal to lift an imposed weight ; volume changes occurring during phase 
changes (ice~>water), with crystallization in saturated solutions, or with 
hydration are excluded here. Large effects have been attributed to this 
growth pressure especially in connection with the formation of ore- veins. 
The dissolution under linear pressure (the so-called Riecke's principle) has 
been made use of by Becke ^ to explain the tabular and platy habit of minerals 
in crystalline schists. 

The Riecke principle,^ a principle already formulated by Thomson,* 
states that under linear pressure a crystal has a lower melting point or a 
greater solubility respectively than an unpressed crystal. In aqueous 
solutions (which are considered here) a crystal under pressure is therefore 
in equilibrium with a solution which is supersaturated for crystals not 
subject to pressure. The equation describing this relation has been fully 
worked out in ^ and reads as follows : 

RT In c/cs = vP, 

where c is the actual concentration and Cs the concentration when saturated, 
V the mole volume of the crystal substance and P the pressure. 

This equation can be developed in a more elegant way, which will be out- 
lined here. I am indebted to Prof. R. Becker for this contribution. The 
condition for equilibrium can be obtained by calculating in two different 
ways the amounts of work which are necessary to transform isothermally and 
reversibly a supersaturated solution (with osmotic pressure p) into a saturated 
solution (with osmotic pressure ps). According to the principle of maximum 
work both are taken to be equal, 

(1) : The crystal grows under the load B and is enlarged by a layer of 
thickness h, which consists of n mole. The work gained is 

(2) : A given quantity of supersaturated solution, which contains exactly 
n mole, is diluted until it has the osmotic pressure ps. The dilution must 
be performed reversibly, for instance, by use of a piston which is only 
permeable to the solution. The work gained is 

= nRT In pips. 


^ Becke, Denkschr. Akad. Wiss. Wien, 1903. 

* Riecke, Nach. Ges. Wiss., Gottingen, Maih.-Phys. Klasse, 1894, p. 278, 

* Thomson, Phil. Mag., 1862, 24, 395. 

* Correns and Steinborn, Z. Krist. A, 1939,^101, 117. 
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According to the principle of maximum work, Aj = 
Therefore 


Bh = nRT In pips. 

If P is the pressure on the crystal and q the surface area under pressure, 
then B = Pq ; qh is the volume of the deposited crystalline substance ; 
by dividing by the number of moles «, the mole volume of the crystalline 
substance, i^soUd, is obtained. The above equation therefore takes the 
form : 


^solid = RT In pjps. 

If instead of the osmotic pressures the concentrations c and Cs respectively 
are taken, the same equation as given on p. 267 is derived : 


i^ioiid = RT In c/cs. 



Fig. I. — Relationship between pressure of growth and supersaturation (alum, 20° C 
solution stirred). 

(а) calculated curve, 

( б ) observed curve for {111} (A no growth, A growth), 

(c) observed curve for {110} (O no growth, • growth). 

The pressure which a growing crystal can exercise, e.g., by lifting a weight 
ag^nst gravity, depends on the degree of supersaturation. In addition to 
this, no unpressed crystals must be present in the solution, because they would 
remove the supersaturation, i.e., they would grow while the pressed crystals 
would dissolve. This brings us to the Riecke principle. 

Experiments to determine the pressure of growth at various super- 
saturations were initiated in 1938 in collaboration with Steinbom ^ and have 
been carried out by means of a very sensitive pressure-balance (Druckwaage) ; 
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all precautions have been taken, such as, for example, maintaining constancy 
of temperature, checking of the degree of supersaturation, etc. The balance 
was constructed in such a way that by means of a mirror device a scale 
reading of 15 mm. corresponded to i [x linear growth. Pressures at which 
with a given supersaturation growth and no growth could be observed 
have been determined. Fig. i gives the results for various crystal planes 
of alum when the corresponding planes are between glass plates, and also 
gives an order of the magnitude of the maximum pressures which a growing 
crystal of alum can exert. Curve (b) which corresponds to the octahedron 
face {ill} coincides at first with Curve (a) which has been calculated from 
the above equation, but for high pressures it departs from the calcu- 
lated curve. Curve (c) for the rhombic dodecahedron faces {110} shows 
departures at lower pressures. The cube faces do not show any growth. 
From this it is seen that in addition to supersaturation and the absence 
of unpressed crystals there must be another condition in order that the 
crystal shall be able to lift a weight. This condition was pointed out in 
1926 ® when I showed that loaded octahedrons of alum situated between 
mica plates cannot grow in the direction of the pressure. 



Fig. 2. — Sketch of apparatus measuring dissolution under the influence of linear 

pressure. 


If the phase-boundary force between crystal {a) and solution (6) is aab, 
that between the substance of the plates (c) (under and above the crystal) and 
the solution (b) is ate and that between crystal (a) and substance (c) is Oac, 
then the following relation must hold true in order that the crystal might 
grow : 

Gac ^ Gbc “f" Gab’ 

It is only when aac is greater than the sum of the two other phase-boundary 
forces that it is possible for solution to enter between crystal and the top and 
bottom plates, i.e., the crystal will grow. Unfortunately no quantitative 
data are available for these phase-boundary forces and their dependence 
on pressure. Attempts to obtain such data by means of growth experi^ 
ments such as described here were unsuccessful. But from quite elementary 
ideas it is obvious that a crystal face can only grow if it does not grow tightly 
onto the underlying plate, which is the case with cubes of alum between 

• Correns, Sitz. Ber. Preuss. Akad. Wiss., 1926, ii, 81. 
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glass f)lates. As Fig. i shows, phase-boundary forces or the ability to grow 
tightly onto the plate are different for the various faces of alum ; they are 
also different for different plate materials which, of course, is shown by the 
fact that between gypsum plates both cubes and rhombic dodecahedrons do 
not grow. 

These experiments have also a bearing on the problem of inclusions in 
crystals. Whether a neighbouring crystal is included in the growing crystal 
or pushed aside depends on the phase-boundary forces or, in other words, on 
the structure of the planes which are in contact. In this latter case the super- 
saturation must be great enough so that crystal growth is not stopped by 
the counteracting pressure (self-cleaning process of crystals). 

During the last few years these experiments have been continued in 
collaboration with Brehler. The aim was to obtain data concerning the 
dissolution of crystals under linear pressure in saturated and supersaturated 
solutions. Some experimental difficulties were encountered ; e.g., bending 



Fig. 3. — Dissolution of alum {m} between filter-paper and platinum sheets 
respectively compared with a glass cube instead of alum (load ca, 10 kg./cm.*, 
15° C, slightly supersaturated and stirred solution). 


in parts of the loading and measuring device may cause a diminution in 
height and thus give the illusion of dissolution. This did not matter in the 
growth experiments but must be eliminated in experiments by which 
dissolution was determined. Therefore a special apparatus shown in Fig. 2 
in which this source of error was practically eliminated (i (jl growth or dissolu- 
tion corresponds to 23 mm. on the scale) has been constructed. In experi- 
ments on dissolution it has to be borne in mind that, from the original 
crystal faces, different faces may be formed during dissolution. During 
growth, the faces (in), (no) and (100) of alum continue to grow during the 
duration of the experiment ; it is with dissolution that the quick formation 
of new and different parts of crystal faces starting especially from etch 
grooves has to be counted upon. These faces have a structure and a phase- 
boundary force different from the original faces. Thus, octahedrons of 
^um placed between glass plates scarcely show any dissolution at all under 
linear pressure in slightly ppersaturated solution (while the faces on the 
sides go on growing). This means that the new faces which have been 
formed at the commencement of dissolution grow tightly onto the glass. 
If, however, a layer of filter-paper is put between the glass and the octahedron 
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of alum or, if instead of glass, platinum sheets are used, dissolution can be 
demonstrated as is shown by Fig. 3. (Here the lowest curve, obtained 
with a glass cube and filter-paper, illustrates the bending of the apparatus 
and the compressibility of the filter-paper.) 

From these experiments it is seen that the phase-boundary forces, i.e., 
the structure of the formed crystal face, play an even greater role in dissolu- 
tion than in growth. This is because on dissolution many different sorts of 
crystal faces (generally of higher indices), of which one or the other can grow 
onto an under- or overlying plate, are found. It is also important to note 
that in those experiments in which dissolution under pressure has been 
observed, using filter-paper or platinum sheets, an increase in weight of the 
pressed crystal has been found, which proves that it has grown sideways. 
This observation could be taken to explain schistosity developed in 
crystalline schists under the influence of linear pressure ; if not, doubts 
would arise as to whether, in silicate- and carbonate-minerals with their 
oxygen lattice planes, any crystal planes can exist which allow penetration 
of solution and consequently dissolution. 

Department of Mineralogy, 

Georg August Universitdt, 

Gottingen, Germany, 


ON THE DISORDERING OF SOLIDS BY ACTION OF FAST 
MASSIVE PARTICLES 1 

By Frederick Seitz 
Received nth February, 1949 

Introduction. Many solid materials undergo extensive changes when 
exposed to radiations of the various types that are available at the present 
time .2 Undoubtedly the most striking and useful effect of this kind that has 
been studied to date is that observed in the silver halides when they are 
exposed either to electromagnetic radiations or to the various charged 
radiations that may be produced. The widespread availability of high- 
intensity sources of radiations of massive particles as a result of the develop- 
ment of electronuclear machines and neutron reactors now makes it possible 
to extend the field of study to regions that were hitherto closed. It is with 
this subject that we shall deal here briefly. 

The beautiful theoretical work of Mott and Gurney ® has shown that the 
decomposition which occurs in the silver halides when they are exposed to 
light or other charged radiations can be explained on the basis of a two-stage 
reaction. The incident radiation produces free electrons which wander about 

^ This paper is based on the declassified notes of a lecture series presented at Oak 
Ridge National Laboratory during the winter of 1946-47. It may be regarded 
as an extension of the work described by Prof. M. Burton in J. Physic, Chem., 
1947* 5*. fin. The writer is indebted to many of the colleagues listed by Prof! 
Burton for extensive discussions of the field during recent years. Most particularly 
he is indebted to Prof. E. P. Wigner who first called attention to this important 
aspect of radiation studies and made the initial quantitative estimates. 

* Burton and Rollefson, Photochemistry (Prentice Hall, New York, 1939). Lind, 
Chemical Effects of Alpha Particles and Electrons (Chemical Catalogue Company, 
*928). 

Mott and Gurney, Electronic Processes in Ionic Crystals (Oxford Univ. Press, 1940). 
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the crystal and become trapped ; the trapped electrons attract mobile silver 
ions toward them and hence cause a separation of silver and chlorine atoms 
from one another. At least in the case in which the decomposition is caused 
by light quanta or p-rays, the constituent particles do not possess sufficient 
momentum to cause a relative displacement of atoms ; this displacement 
occurs only because the ions are made mobile by thermal fluctuations. The 
separation is greatly retarded if the salt is cooled to liquid-air temperatures. 
On the other hand, fast massive particles such as a-rays, protons, neutrons 
and fission fragments possess sufficient momentum that they may cause 
displacements directly and hence induce effects at any temperatures. Hence 
rachations of this type may be expected to induce atomic rearrangements in 
materials which are normally very stable and would not be influenced readily 
by the particles possessing a low momentum. 

It is evident that the properties of any solid will be drastically altered 
if an appreciable fraction, say, lo %, of its atoms are displaced and if the 
back-diffusion is not sufficiently rapid to undo the influence of the displace- 
ments. Thus a systematic study of materials in which atoms have been 
displaced, with particular emphasis on the change of properties and the 
manner in which these changes are altered as a result of back-diffusion, 
offers a promising means of obtaining further information concerning the 
properties of solid phases. 

We shall consider the magnitude of the number of displaced atoms that 
can be induced in typical cases in the present paper. In connection with 
this problem, it is convenient to characterize the state of motion of any 
massive particle by giving the energy that an electron would have if it 
possessed the same velocity. This parameter, which will be designated by e, 
evidently is 



in which E is the kinetic energy of the particle, m is the electron mass and M is 
the mass of the heavy particle. Generally speaking we shall be interested in 
massive particles which have velocities of the order of lo® cm. per sec. or less 
so that they are in the non-relativistic range. The parameter e will be about 
10,000 eV or less. For example, the value of e associated with a 4 MeV a- 
particle is about 545 eV, whereas that associated with a 40 MeV proton is 
21,800 eV. 

Influence of Charged Particles. A moving charged particle which 
is passing through matter dissipates its kinetic energy in two ways : by 
transmitting kinetic energy to the nuclei of the stationary atoms in elastic 
encounters in which the moving particle enters the strong coulomb field 
near the nucleus of the atom ; and by exciting and ionizing the electrons 
which are attached to the atoms. We shall regard the moving particle as 
a complex atom to which a number of electrons are attached since this is the 
situation in which we shall normally be interested. In actual fact, the case 
in which the moving atom has such a low velocity that it is practically neutral 
is of very great interest. In this event the internal electrostatic field of the 
moving atom rather than the long-range coulomb field is most effective in 
inducing the transitions through which it loses energy. 

(i) Elastic Collisions. The kinetic energy AE which the initially 
stationary nucleus receives from the moving particle as the result of the 
elastic encounter is 


(2) 
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Here E is the kinetic energy of the moving particle, and are respec- 
tively the masses of the moving and stationary atoms, (ji is the reduced 
mass and 6 is the angle through which the moving particle is deflected in 
a co-ordinate system in which the centre of gravity is at rest. 

The cross-section for the collision may be expected to correspond to 
Rutherford scattering for large angles of deflection since the unscreened 
nuclear charges will face one another at the point of closest approach in such 
collisions. The problem of obtaining a complete expression for the cross 
section can be treated in a satisfactory semi-quantitative fashion with the 
use of the perturbation methods derived from quantum mechanics by Bom, 
provided the interaction potential between the moving particle and the atom 
is known. If V(r) is the interaction potential, the cross-section per unit solid 
angle for an elastic encounter in which the moving particle is deflected through 
angle 6 in the centre of gravity system is * 


7 ( 6 ) = 


87C*fX 


I- 


sin Kr 




( 3 ) 


O 

Here (x is the reduced mass of the two particles, h is Planck's constant, 
r is the distance between the moving and fixed atoms and 


K = V sin 6/2 , 


in which v is the velocity of the moving particle. 

It is very convenient for general purposes to express F(r) in a form which 
can be used for arbitrary pairs of atoms, gaining in generality what is lost 
in precision. The atom model of Fermi and Thomas provides a very useful 
basis for the determination of such a potential. In fact a good representation 
for the case in which the moving atom is nearly neutral is found to be 

... (4) 

in which and Zj are the atomic number of the moving and stationary atoms, 
X is the Fermi-Thomas function for a neutral atom and 

y = rl^. P = 0-8853 flo . . . (5) 

where Uo is the radius of the first Bohr orbit in hydrogen. The potential (4) 
approaches the pure coulomb potential when the moving and stationary atoms 
are very close and approaches zero as a result of electronic screening when the 
atoms are far apart. The form given is particularly appropriate when the 
value of X ior fbe moving atom is of the same order of magnitude or less than 
the ionization energy of its valence electrons. The moving atom will then 
behave as if it were electrostatically neutral. 

If (4) is inserted in (3) and the resulting cross-section is used to compute 
the rate at which the moving atom loses energy in travelling unit distance 
through a monatomic medium, it is found that to a good approximation 
this rate of loss is 


dE 

dx 


27rZ?Z^eWo, 
--±^-iogEIE* 


Here No is the density of stationary atoms, is their mass and 
E* 


o-6i8 (Z-/. + ZV»)^ En 


( 6 ) 

(7) 


in which is the mass of the moving particle, m is the electronic mass and 


* Mott and Massey, Theory of Atomic Collisions (Oxford Univ. F*ress, 1934). 
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Er is the Rydberg energy (13*54 ^V). E* is of the order of o*oi eV for typical 
cases. 

The energy dissipated in this way will produce two effects. First, it 
will generate lattice waves which eventually degenerate into thermal motion. 
Second, it will eject atoms from their normal lattice position, thereby 
forming vacancies and interstitial atoms. It is clear that the second of these 
two processes can occur only if the stationary atom receives a certain mini- 
mum energy Ed which is of the same order of magnitude but larger than the 
energy that would be required to remove the atom adiabatically from a 
normal lattice site to an interstitial position. We may expect Ed to be of 
the order of 25 eV for any atom which is bound to its position with an energy 
of the order of 10 eV, as is true of the most firmly bound metals, salts and 
valence crystals. For simplicity, we may assume that any atom receiving 
an energy larger than Ed actually is permanently displaced to an interstitial 
position. In this case, the rate at which energy is dissipated in producing 
such displacements is 



27uZ?Z|eWo, (E 


\ 

M^M'J 


( 8 ) 


The remaining part of (6) is expended in producing vibrational waves. It is 
interesting to note that the encounters between moving and stationary atoms 
in which the energy transferred is larger than Ed are invariably so close that 
the nucleus of each atom is inside the screening electron cloud of the other at 
the distance of closest approach. The average kinetic energy transferred to 
the initially stationary atom when the energy exceeds Ed is 

£ = (9) 


The log term is very insensitive to E and ranges between about 3 and 15 for 
the values that are of most interest at present. 

The ratio of (8) to (6), namely. 


represents the fraction of the energy dissipated in elastic collision that is 
expended in producing permanently displaced atoms. This ratio is also very 
insensitive to E and is about 0*5 for range of interest to us here. 


(ii) Excitation and Ionization of Electrons. Let us first consider the 
case in which the energy parameter e (eqn. (i)) is large compared to the 
binding energy of the electrons in the material and in which the moving system 
can be regarded as a point charge. The Bom approximation then can be 
used for treating the problem of excitation and ionization in keeping with the 
well-established developments ^ of Bohr, Bethe and others. The expression 
for the rate of dissipation may be written in the form 



47:2^2^4 

mv^ 


NoZ^ log 


e 

B 


(II) 


in which zc is the charge on the moving particle, Zg is the number of electrons 
on the stationary atom and B is an energy parameter which is of the order of 
ma^itude of the geometrical average of the ionization potentials of the 
various electrons in the atom. The other constants and parameters have the 
meaning given previously. Estimates of B may be made on purely 
theoretical grounds. However the best values for practical purposes are 
determined by experimental investigations of stopping power. 
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In the range of energy in which (ii) is applicable the ratio of (ii) and 


( 6 ) is 




(d£/(k). 

(d£/d*). 

2 z* M, log e/B _ _ 

- ZlZi‘ m 'logEjE* - ^ 

■ (12) 

This reduces to 


2M, loge/B 

Z,m log E IE* 

• (13) 


if we assume z = Zi. The ratio is insensitive to E and is of the order of 10* 
for typical cases. Thus the loss arising from electron excitation and ionization 
greatly overwhelms that arising from elastic encounters when s is sufficiently 
large. 

Unfortunately, we have considerable interest in values of e that are 
of the same order of magnitude as the binding energy of the valence electrons 
in normal atoms so that eqn. (ii) is not accurately applicable in the entire 
range. Moreover the moving particle need not be a point charge but may be 
a partly stripped atom whose total charge varies as the velocity decreases. 

Let us consider for a moment the energy that is dissipated by the moving 
atom in exciting the electrons in a single shell of the stationary atoms. 
If the moving particle were a point charge the corresponding contribution 


to (ii) would be 


dE __ 2nz^e^ 
dx ^ e 



(14) 


in which Zi is the number of electrons per atom in the shell and Bi is an energy 
parameter characteristic of the shell. This expression is accurate only when e 
is very large compared to Bi. We note, however, that the function 
log(e/Bi)/e rises to a peak when e =- 2*yiBi and then drops to zero when 
e = Bi. We may expect that the true function governing the dissipation of 
energy by a single group of electrons exhibits a qualitatively similar behaviour 
when e becomes comparable to the excitation energy of the electrons in 
a given shell. That is, the dissipation of energy by the corresponding elec- 
trons attains its peak value when c is of the order of magnitude of the 
excitation energy of the electrons in the shell and then falls to zero as e 
approaches zero. Elemental reasoning shows that this decrease takes place 
transcendentally if the moving particle is a heavy one so that it has sufficient 
energy to excite the bound electrons even when e is very much smaller than 
the excitation energy. Evidently a moving electron cannot excite a bound 
one when its value of e falls below the excitation energy since e is equal to 
its kinetic energy. 

It will be sufficient for the following proposes to assume that the moving 
particle ceases to excite a given group of bound electrons when the parameter 
e drops to a value equal to £^/ 8 , where Ec is the excitation energy of the 
group of electrons. We shall adopt this assumption even when we are dealing 
with the excitation of the valence electrons in an insulator, in which case Ee 
will be taken to be the energy associated with the first absorption band of the 
bulk material. Evidently the lowest excitation energy of the entire aggregate 
of stationary atoms in the system wall be associated with the valence electrons 
since these are the least tightly bound. Once e has decreased below the 
lowest possible value of E^/ 8 , the moving particle wall be able to lose further 
energy only as a result of elastic collisions. 

There is one interesting and important case in which an exception tb 
the use of the rule formulated in the preceding section must be made, namely, 
that in which the system contains free electrons, that is, in the case of a metal. 
The problem of dissipation of energy by a gas of perfectly free electron can be 
solved in a simple, although approximate, ma^fmer by treating the moving 
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particle as if it were stationary and the electron gas moved past it. Those 
electrons which come within the range of interaction of the moving particle 
are elastically scattered in the reference frame in which that particle is 
regarded as stationary. Thus the energy loss can be derived by considering 
the elastic scattering of the free electrons by a centre of force. It is con- 
venient to employ the Bom formula (3) to evaluate the scattering cross- 
section in conjunction with the assumption that the potential of interaction 
is given by the Fermi-Thomas field for the neutral atom. The use of the 
field for the neutral atom is justified in the case of a slowly moving particle 
because of the screening effect of the conduction electrons. It is evident 
that the results obtained by this highly approximate procedure have no more 
than semi-quantitative value. Nevertheless, they provide an insight into 
the manner in which the conduction electrons contribute to the stopping 
power. 

The momentum vectors of the electrons in the ideal free electron gas 
lie within the sphere of radius 

p — h 

at the absolute zero of temperature. Here n is the number of free electrons 
per atom and No, as previously, is the density of atoms, and h is Planck's 
constant. We shall designate the energy associated with the momentum (15) 
by So. The method of calculation described in the preceding paragraph 
leads to the following results — 

(а) e>So: ^ Non(\og ^ + i-os\ . . (16) 

CIX C y £0 / 

in which Zi is the atomic number of the moving particle. For very large 
values of e this expression resembles (ii) closely in form although the 
coefficient of the log term in (16) is just half that appearing in (ii), presumably 
because of the absence ol screening in (ii). 

(б) £<£ 0 : — dE/dx ~ i 2 TzNonzAoZ^f* ; Ao = 76*8 a% . . (17) 

in which Uo is the Bohr radius. Eqn. (16) evidently is far more accurate than 
(17) since the various assumptions made are more justified when e is large 
compared with Eq. According to (17) the rate of dissipation falls linearly 
with £ as this parameter approaches zero instead of in the transcendental 
manner characteristic of an insulator. This behaviour is a direct consequence 
of the fact that the free electrons may absorb energy from fields of arbitrary 
low frequencies. 

(c) £ rw £0. The rate of energy loss attains its maximum value when e 
is of the same order of magnitude as £©. 

In the range of e for which this parameter is of the same order of magnitude 
or greater than Eo the loss of energy through electron excitation overwhelms 
that arising from elastic collisions between the coulomb fields of the nuclei. 
The two become comparable only when e is considerably smaller than Eq. 
The ratio of (6) to (17) is 

{dEjdx)e 3W 'M2 * 76-2 * • \ 7 ) 

where Er is the Rydberg energy. This ratio becomes large compared with 
unity when e becomes sufficiently small, showing that inelastic collisions 
eventually account for the major part of the energy loss when the moving 
particle becomes sufficiently slow, just as in insulating materials. For 
comparative purposes, it is interesting to note that this ratio is close to unity 
when £ = in the case in which = Mg = M and Zi = 

Zg == Z. This value of s ranges between about o*i eV and 10 eV for the 


8tc / 


(15) 
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interesting materials of the periodic system, depending upon the values of 
Z and n. 

The results of the preceding discussion may be conveniently summarized 
in the following way — 

(1) As long as the energy parameter z of the moving particle is large 
compared with the excitation energy of the valence electrons, or with the 
parameter e© for metals, the moving particle dissipates the greatest part of 
its energy in the excitation of electrons, the fraction being given by an 
expression of the type of (12). 

(2) Electron excitation essentially ceases when e becomes sufficiently 
small and elastic collisions become predominant. It is convenient to assume 
that electron excitation stops abruptly when e decreases to a threshold 
value zt. This threshold will be taken to be Ee/S in the case of an insulator, 
where Eg is the first excitation energy of the material. In the case of a metal 
it will be taken as the value of z for which (17a) is unity. 

If the initial value of e for the particle is larger than Zt the energy which 
it expends in elastic collisions in being brought to rest may be expressed in 
the form, 

™ 

in which R is the ratio of the energy lost in electron excitation to that lost 
in elastic collisions when e is large. R is given by eqn. (12) for the case of 
a moving point charge and may be treated as nearly constant for a wide range 
of £. The second term on the right-hand side of (18) becomes comparable to 
the first only when e is of the order of 1000 times larger than zt since R 
is of this order of magnitude in typical instances. Thus, when Zt is i eV, 
the second term will be comparable to the first only if z is about 1000 eV, 
which corresponds to an a-particle with an energy near 8 MeV, or to a proton 
with an energy near 2 MeV. 

Eqn, (18) evidently is replaced by 


when e is less than s/. 



(19) 


3. Behaviour of Knocked-on Atoms. We have seen that the primary 
atom expends part of its energy in elastic collisions and part in exciting 
electrons. Of the first part, a fraction Rd^ given by eqn, (10), produces 
displaced atoms. The average energy E received by a displaced atom is given 
by eqn. (9). The secondary atoms invariably have a value of e that is 
below Zt so that all of their energy will be expended in elastic collisions. 
Since E is between 3 and 15 times larger than Ed in typical cases, it follows 
that the secondary atoms may in turn eject tertiaries from the lattice. 
The secondary will dissipate about half its energy in exciting lattice vibrations 
and will, on the average, share its remaining energy equally with a tertiary 
because its speed is sufficiently low that the atoms will behave like rigid 
spheres. If after this collision the original secondary and the tertiary possess 
sufficient energy they may produce quartemary atoms. A simple analysis 
shows that the total number of atoms n, displaced as the result of the 
production of a single secondary is approximately 

ns = ^/EjEd . . . . ( 20 ^ 

Thus the total number of atoms displaced by the primary is 

]S[ = ft ^ 

E * y/Mi 


(21) 
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We may conclude that one displaced atom is produced for each unit of energy 
of amount 


VEEi 

Rd 


( 22 ) 


that is expended in elastic collisions. Since Rd is of the order of 0*5 and E 
varies between about 3 and 15 times Ed in t37pical case, it follows that the 
energy unit (22) lies between ^Ed and 8 Ed, or between 75 eV and 200 eV when 
Rd = 25 eV. More definite values for particular cases will be given below. 


Displacements Produced by Charged Particles. Let us consider 
the displacements produced in several t3^ical materials by t5rpical charged 
particles, namely, by a 5 MeV alpha-particle and by a 20 MeV proton. The 
materials to be considered are as follows — 

Beryllium metal. Diamond, Silicon, 

Graphite, Aluminium, Germanium. 

Table I contains the relevant parameters for these materials. In the 
case of the metals beryllium and aluminium Ct is obtained by setting (17a) 
equal to unity. The values for diamond and graphite are judicious guesses 
based on the known optical properties, whereas the values for the semi- 
conductors silicon and germanium are based on the measured values of the 
energy gaps, based on measurement of electrical conductivity. Table II 
contains interesting quantities which appear in the calculation of the number 
of displacements N caused by 5 MeV a-particles. The quantities in the first 
five columns, which depend slowly upon temperature, were treated as 
constants and evaluated for an a-particle of intermediate energy, namely, 
2*5 MeV. The values of log e/B appearing in the third column is based upon 
the semi-empirical analysis of Livingston and Bethe.® In all cases except 
diamond, Ec (eqn. (18)) is composed mainly of the contribution from the 
.second term. The penultimate column gives the reciprocal of the energy 
unit (22), which measures the amount of elastic energy expended on the 
average in producing one displacement. Table III contains similar data for 
the 20 MeV proton. Ed was taken to be 25 eV in all cases. The second 
term of eqn. (18) is even more important in this case than in that of the 
a-particle. 

The values of iV in Table III, for 20 MeV protons, lie between 56 and 
96 for the materials listed. A proton of this energy will penetrate through 
about 0*5 g. cm~ 2 , or about oT cm. for the materials listed. A layer of this 
thickness contains about 5 x lo^^ atoms per square cm. Approximately 10 % 
of the atoms in such a layer would be displaced as a result of having a charge 
of one coulomb per cm.^ in the form of 20 MeV protons fall upon it. An 
irradiation of this magnitude can be achieved with comparative ease. 

The 5 MeV alpha-particles upon which Table II is based have a range 
of about 4 mg. cm.~^, or about I0“^ cm. for the materials listed. Ten per cent, 
of the atoms in a layer of this thickness would be displaced as a result of 
having about lo^*^ a-particles strike unit area. This degree of irradiation 
would be relatively difficult to achieve with a natural source of a-particles 
since, to avoid self-absorption, it would be necessary to make the source 
about 10-3 cm. thick and hence weigh no more than 5 mg. cm.-^. A source of 
this type would be required to possess a strength of at least one Curie to 
provide the required number of a-particles in one year. Polonium has 
a sufficiently short half-life to meet the conditions. The desired intensity 
could be obtained relatively easily with a cyclotron. 


* Livingston and Bethe, Hev. Mod. Physics, 1937, 9 . 245. 
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TABLE I 

Parameters for Several Solids (Ed = 25 eV) 




M, 

e, (eV) 

Beryllium metal . . 

4 

9 

0*14 

Graphite 

6 

12 

0-5 

Diamond . . 

1 

6 

12 

2-5 

Aluminium metal . . 

13 

27 

0*35 

Silicon 

14 

28 

0*14 

Germanium 

32 

73 

0*10 


TABLE II 

Number of Displacements Produced by 5 MeV a-PARXicLE 
(e=r 680 eV) 



log 

niE* 

Rd 

log 

tjB 

R eqn. (12) 

i 

E, 

(KeV) 

Rdly/EEi 

(eV-i) 

N 

Beryllium . 

20 

0*57 

3*1 

i*2g X 10® 

1 282 

4 -« 

6*8 X 10"® 

33 

Graphite 

20 

0*56 

3*0 

1*10 

280 

8*2 

6-7 

55 

Diamond 

20 

0*56 

3-0 

1*10 

280 

23*0 

6-7 

i 154 

Aluminium . 

20 

0-56 

2*1 

o* 8 o 

280 

8-8 

6-7 

59 

Silicon 

20 

0-54 

2*1 

0*78 

208 

7*4 

6*6 

49 

Germanium 

20 

0-50 

1*4 

0*59 

248 

1 

6-4 

59 


TABLE III 

Number of Displacements Produced by 20 MeV Proton (e = 11,000 eV) 



log 

EfE* 

Rd 

log 

£//? 

R 

1 

1 

Er RdIVERd 

(KeV)i (eV‘i) 

! 

N 

Beryllium . 

21 

0-56 

6-2 

2*40 X 10® 

298 

8*6 

6*5 X 10'® 

5 ^ 

Graphite 

21 

0*55 ' 

5-6 

1*96 

290 

11*1 

i h -5 

72 

Diamond . 

21 

0*55 

5*6 

1*96 

290 

I4‘8 

6-5 

96 

Aluminium . 

20 

0*52 

4*5 

1*03 

273 

12*9 

6*3 

4 

79 

Silicon 

20 

0*55 

4*3 

1-58 

272 

12*9 

6-7 

81 

Germanium 

20 

0-50 

1 

3*5 

1-47 

250 

13-8 

6-3 

87 
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Neutron Bombardment. When neutrons pass through matter they 
may make knock-on collisions with the nuclei and hence produce displaced 
atoms. The energy transferred to the stationary atom is determined as a 
function of angle by eqn. (2). In this case is the mass of the neutron and 
M2 the mass of the stationary atom. The average energy transferred to the 
atom is 


AE = E 


2lL^ 


(23) 


if the collision cross-section is isotropic. 

Consider a 2 MeV neutron for illustrative purposes. The average energy 
that would be received by a knocked-on atom is given in Table IV for several 
cases, along with the corresponding value of e (eqn. (i)). 

In all of the cases except hydrogen the knocked-on atom is in the range of 
velocity in which it dissipates its energy either by elastic encounters or 
by excitation of the valence electrons. Moreover, the values of e are suffi- 
ciently low that the fraction of the energy lost in elastic collisions becomes 
important only when e becomes less than e^. 


TABLE IV 

Average Energy Transmitted to an Atom 
BY A 2 MeV Neutron when Scattering is 
Isotropic 


Atom 

1 Air (KeV) 

e(cV) 

>1 

1000 

540 

Be 

360 

21*7 

C 

280 

12-7 

AI 

140 

2-8 

Ge 1 

55 i 

0*41 


Table V contains values of the number N of atoms displaced in three 
interesting materials when they are employed to moderate neutrons, that is, 
to bring them to thermal equilibrium. It is assumed that a neutron having an 
initial energy of 2 MeV is brought to rest by a succession of elastic collisions 
in which it loses on the average in each collision the energy (23). The 
knocked-on atoms have successively lower energy. The quantity ^ in 
Table V is the fraction of energy the neutron loses in each collision and Nc 
is the number of collisions required to slow the neutron to thermal energy 
from 2 MeV. Nt is the number of collisions which the neutron must make 
before the knocked-on atom has an energy less than e^. Until the neutron 
has been slowed to this extent the knocked-on atom will dissipate energy 
in exciting electrons before it is slowed to e/. Subsequent knocked-on 
atoms will only have energy sufficient to produce elastic collisions. 

It is interesting to note that the values of N in this case are between 
10 and 100 times larger than those given in Tables II and III. Far less 
energy is expended in producing electron excitation because the knocked-on 
atoms begin with a much lower value of e than the primary a-particle and 
proton considered in the previous section and hence make more efficient use 
of their energy in producing displacements. 

Fission Fragments. Matter which contains fissionable material 
becomes the seat of a relatively large source of dissipation of energy when 
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exposed to neutrons since a pair of fission fragments possess about 160 MeV 
of kinetic energy. We shall focus attention on metallic uranium at first 
although the fissionable atoms might be suspended in another medium. 

The fission process is usually asymmetrical, the values of e for a typical 
pair being 507 eV and 259 eV. These values are sufficiently large that the 
fragments are partly stripped of their electrons during the major part of 
the range, the degree of ionization decreasing as the fragments slow down. 
We shall assume that the rate of dissipation of energy as a result of electron 
excitation is given by an equation of the form, 





mv 


(24) 


in which Zj is the atomic number of the fission fragment and G(z) is a line^ 
function of e which has the value 16 when e is 500 eV and is zero when e is 
zero. This type of variation of ^(e) appears to fit the observed behaviour of 
a fission fra^ent and included the influence of the decrease in degree of 
ionization with decreasing velocity. 


TABLE V 

Displacements Produced by a 2 MeV Neutron in 
BEING Slowed to Thermal Energies 


Material 


Nc 

Ni 

N 

Beryllium metal 

0*209 

79 

24*1 

454 

Graphite 

0*158 

104 

21*1 

1870 

Aluminium 

1 

0*0724 

240 

14*1 

6030 


The use of (24) in combination with eqn. (6) for the rate of dissipation 
of energy in elastic collisions leads to the result that the fission fragments 
expend about 27 % of their energy in producing elastic collisions during 
the part of the range in which electron excitation dominates when brought to rest 
in metallic uranium. An additional amount of about 0*30 % is expended in 
this way after electron excitation ceases. About half of this energy is expended 
in producing displaced primary atoms. These atoms have an average energy 
of about 375 eV {E in eqn. (g)) and produce three additional displaced atoms. 
By combining these quantities we find that the pair of fission fragments in 
metallic uranium produce 25,000 displaced atoms. 

The number of displaced atoms is somewhat smaller if the fissionable 
material is embedded in a solid containing light atoms. Consider, for example, 
grajffiite ; the quantity G{z) in (24) takes the initial value of 6 instead of 16 
so that the rate of dissipation by electron excitation per atom is somewhat 
srtialler. On the other hand the rate of dissipation by means of elastic 
coUisions is also smaller because the quantity Zg in the numerator of (6) 
IS o instead of 92, which more than compensates for the fact that in the 
denommator drops from 238 to 12. It is found that the fraction of energy 
01 the fission fragment spent in producing elastic collisions during the period 
in which electron excitation predominates is 0*62 %, whereas the fractioft 
spent after electron excitation ceases is 0*15 %. It follows that the pair of 
nssion fragments produce about 8300 displaced atoms. 

Concluding Comments. Burton ^ has already pointed out that 
eitects which can be ascribed unmistakably to the influence of displaced 
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atoms have been observed in graphite and other metallic or near metallic 
substances. The discoloration of minerals and salts by radiations has been 
a topic for many years and the literature on this subject is large.^ Lind has 
pointed out that most of the discoloration produced by the radiations of 
radioactive substances can be explained as a result of the production of 
electron excitation which evidently is a major source of energy dissipation 
even when the radiation consists of massive particles. In other words, the 
effects are similar to those produced by light, cathode rays and y-rays. 
On the other hand, he and Bardwell ® have found that the clear green 
coloration of diamond can be produced only by a-rays, which indicates that, 
in this case at least, there are effects which are related directly to displaced 
atoms or to the heating effect which accompanies the displacement of atoms 
in elastic collisions. 

Note Added in Proof: 

Dr. S. Siegel of the Westinghouse Research Laboratory has kindly 
provided me with a copy of a manuscript which has bearing on the preceding 
paper and which is to be published in an early issue of Physic, Rev, 

Siegel has found that a completely ordered specimen of CugAu becomes 
essentially completely disordered after being exposed in the nuclear reactor 
at the Oak Ridge National Laboratory for a period of time sufficient to 
give a time-integral of flux of about 3-3 x 10^® neutrons per cm.^ for 
neutrons having energies in excess of 50 KeV. The specimens were main- 
tained at about 40® C during the irradiation. The probability that a 
copper or gold atom was struck by a neutron during this irradiation is of 
the order of 2 X 10““*. Calculations of the type described in the preceding 
paper show that the number of atoms displaced should lie between i and 
10 %, so that it is unlikely that the disordering is produced by direct 
displacement. Instead, it is much more probable that in this case the 
disordering is produced in the heated wake '' of the knocked-on particles. 
Since each copper atom which is knocked-on by a neutron receives of the 
order of 40 KeV on the average, it follows that the total energy imparted 
to the material during the irradiation is of the order of 8 eV per atom. 
A large fraction of this is released as thermal motion along the track of the 
knocked-on primary and secondary atoms, the local temperature being 
very high for a short period. On the average all parts of the alloy will 
be heated above the transition temperature for the order-disorder reaction 
and then rapidly quenched, leaving the material disordered. 

In this connection, it is also interesting to note that K. Lark-Horovitz 
and co-workers have produced significant changes in the resistivity of 
semi-conducting germanium by bombardment with 10 MeV deuterons. 
Similar effects have been observed by Davis, Johnson, Lark-Horovitz and 
Siegel ® as a result of neutron bombardment. Since the conductivity of 
pure germanium may be influenced by agents which are present to the 
extent of one part per million, it is clear that the investigations of this type, 
like those on discoloration, provide a very sensitive test of radiation effects. 


Carnegie Institute of Technology ^ 
Pittsburgh 13, 

Pennsylvania, U,S,A, 


• Lind and Bardwell, J . Franklin Inst., 1923, 196, 521. 
^ Physic. Rev., 1948, 73, 1256. 

® Physic. Rev., 1948, 74, 1255, 
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Dr. J. Willems {Krefeld) (partly communicated) : During the discussion on 
the paper presented by Mr. J. H. van der Merwe a question was asked whether 
sugar could be a substrate for oriented overgrowths of crystals of organic com- 
pounds. Sugar is an excellent substrate for such oriented deposits. Not only 
have oriented overgrowths on the cleavage plane of sugar been found with 
crystals of organic compounds containing strongly polar groups (e.g., pentachloro- 
phenol ^ and carbon tetrabromide but even with organic compounds without 
such groups (e.g., aromatic hydrocarbons such as hexaethylbenzene and durol *). 

A further question raised during the discussion was whether oriented over- 
growth of sugar crystals upon a metal surface would be likely to occur. While 
oriented overgrowth of sugar crystals upon a metal surface has not yet been 
reported, such overgrowth of organic crystals upon a metal substrate can 
apparently occur. « But in such cases there exists the possibility of an oxygen 
layer on the surface of the metallic substrate. 

In all cases so far described of oriented o\'ergrowth of crystals of organic 
compounds, there is at least one component with one or more strongly polar 
groups. More recently it has been shown that the presence of strongly polar 
groups is not essential to the formation of oriented overgrowth of organic com- 
pounds. Thus oriented overgrowth of aromatic hydrocarbons (e.g., hexa- 
ethylbenzene on anthracene. Fig. i) can be readily obtained.'* In these cases the 
binding in the absorj)tion process will be primarily through van der Waals’ forces 
(dispersion forces). 

Mr. J. H. van der Merwe (Bristol) (communicated) : In reply to a question 
put privately by Dr. Willems, it is desirable to qualify the statement that it is 
an essential condition that the embryo must cover a Hat region of the substrate 
completely. This is not strictly correct, since it is really only necessary that the 
growing edge of any one atomic layer must lag behind the edge of the atomic 
layer below it by a distance of the order of 20 atomic spacings ; for then, because 
of their short-range interaction, disloc:ations cannot form spontaneously any- 
where. When the gap between the edges closes up on a flat substrate, and dis- 
locations form freely at its edge, the overgrowth will be at least two, but in 
general probably many more in some parts, atomic layers thick. Since the 
mobility of a dislocated fllm decreases with its thickness, a break away at this 
stage is unlikely to cause any change in the orientation. 

Dr. Willems also kindly provided me with the following examples of oriented 
overgrowth : 

(а) C^Cle and CeClBCHg on (no) surface of ZnS ; the (001) plane and 6-axes 
of the overgrowths being parallel to the (no) plane and [iTo] direction of ZnS 
respectively. 

(б) Hexaethylbenzene on (100) surface of NaCl.'^ 

(c) Hexaethylbenzene on anthracene, anthracene on pyrene and phenanthrene 
on hexaethylbenzene.® 

(d) Anthracene on pentachlorphenol, and naphthylamine and phenanthrene 
on benzidine.^ 

pr. J. Willems (Krefeld) (communicated) : As to the forces exerted by deposit 
units on the substrate (giving IV) the theory outlined in the paper presented by 

^ Willems, Naturwiss., 1943, 31, 232. 

* Willems (unpublished work). 

* Willems, Naturwiss., 1943, 31, 208. 

* Willems, Naturwiss., 1949, 36, 375. 

® Willems and Giltges, Naturwiss., 1946, 33. 

* Willems, Naturwiss., 1948, 35, 375. 

’ Brandstatter, Mikrochem., 1947", 33, 184. 
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Mr. J, H. V. d. Merwe is obviously in good agreement with chemical ideas 
recently developed in the field of oriented overgrowth.* 

Previous workers in this field came to the conclusion that preferred orientation 
can only be obtained, if the type of binding forces exerted by deposit units on 
each other is identical, or at least related, to the type of binding forces exerted 
by substrate units on each other. * At that time the cases of oriented overgrowth 
obtained preferably concerned cases where both partners were ionic, i.e., of 
identical type of binding. The experiments of some of the previous workers with 
organic partners were only successful with some few compounds of the phenol and 
the urea series. Experiments with other organic compounds, e.g., aromatic 
hydrocarbons, quinones, hexamethylenetetramine, etc., yielded no oriented over- 
growth in spite of ideal geometrical conditions. 

According to the recent chemical ideas mentioned above, the formation of 
oriented overgrowth is a typical topochemical process. Hence, in order that 
there shall be a definite orientation in a crystalline overgrowth of an organic 
compound on a crystalline substrate there must be formed a two-dimensional 
molecular compound between the units of the contact plane of the deposit and 
the corresponding units of the surface of the substrate. 

These chemical considerations led to a systematical synthesis of oriented 
overgrowth of organic compounds on the base of the known types of organic 
molecular compounds, and the known lattice structures of the partners. 
Particularly partners were easily found for organic compounds such as aromatic 
hydrocarbons, quinones, etc., which did not yield oriented overgrowth in the 
experiments of previous workers. The oriented overgrowth of anthraquinone on 
NaCl (Fig. 2), corresponding to the molecular compounds of quinones with 
metal halides and anthracene on chloranil corresponding to the molecular 
compounds of aromatic hydrocarbons with quinones may be mentioned as 
typical examples.® 

The oriented overgrowth of anthraquinone on antimony ® ® shows that the type 
of binding forces exerted by the deposit units on each other need not be identical 
or related to the type of binding forces exerted by the substrate units on each other. 

Soon the number of oriented overgrowths of organic compounds found on 
the base of these chemical considerations surpassed the number of the known 
oriented overgrowths of inorganic compounds. 

Mr. P. Woodward {Bristol) said : In connection with the orientation of 
crystal growths by the substrate material, it might be of interest to show a few 
specimens of titanium nitride crystals, grown from the gaseous phase on tungsten 
filaments. Briefly, the process consists of the reduction of titanium tetrachloride 
vapour (using hydrogen) at high temperature in presence of nitrogen, the nitride 
being formed as a crystalline deposit on the filament. Titanium nitride forms 
very hard, golden yellow, cubic crystals, melting at over 3000° C ; they can 
be grown at temperatures of about 1500° C. 

Such crystals have been produced in the Inorganic Chemistry Laboratory 
here in Bristol. In our studies of the conditions under which they can be grown,® 
Dr. F. H. Pollard and I have found that the chemical nature of the filament has 
a marked influence on the appearance of the deposit of nitride obtained. Fig. i 
shows crystals of titanium nitride on tungsten as a randomly oriented growth of 
polycrystalline material. Fig. 2 shows crystals produced under exactly the 
same conditions, but using platinum as filament metal ; the appearance is 
quite different. Fig. 3 shows the effect of using “ aged tungsten filaments 
(that is, filaments heated for several hours in a vacuum near the melting point 
so that preferred orientation of the crystallites along the filament axis occurs). 
It is obvious that the nitride crystals grow similarly with preferred orientation. 

Here we have direct experimental evidence of the operation of the short-range 
forces discussed in van der Merwe’s paper. 

Mr. P. R. Rowland [London) said ; Crystal growth is only one of many pro- 
cesses which can take place at the surfaces of lattices. The study of crystal surfaces 
must therefore rank as one of the central pillars of modem physical chemistry. 


® Willems, Naturwiss, 1944, 32, 324. 

• Pollard and Woodward, J. Chem. Soc„ 1948, 1709. 
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Not only will the information obtained be of value in itself, but it may also 
give us clues on the structure and properties of solids and liquids themselves. 
For instance, Prof. Stranski's second paper indicates how surface structure may 
affect mechanical strength. In line with this view, the author, working under 
Prof. C. S. Gibson, has been studying the etching of spherical single crystals of 
copper by the halogens. The spheres, which were probably the purest copper 
single crystal material yet produced, were electrolytically polished and subjected 
to attack by the vapour of the halogen concerned at about 0*5 mm. pressure 
and 450° C. Under the conditions of the experiment, cuprous halide is sublimed 
off and the crystal is left with a brilliant etched surface. The micro-facets 
produced can be orientated fairly easily by the way in which they reflect light. 
Results have been obtained so far for Ig and Brg. In both cases the facets which 
appear are (iii), (012) and possibly (on). The following tentative explanations 
are offered. 

(i) At 450° C these faces are the most stable and therefore appear automatically 
whenever copper is attacked. 

(ii) The halogen attacks at steps on these faces and is therefore able to peel 
off the copper atoms layer by layer. This would be analogous to the reverse of 
crystal growth by step formation. 

(iii) The cuprous halides at this temperature are probably analogous to 
a-Agl, consisting of a body -centred cubic halide ion lattice with the interstitial 
positions occupied statistically by the metal ions which can move easily through 
the lattice. The (in) face of copper has hexagonal symmetry. The other face 
of copper which definitely appears is (012). The atoms in this are arranged at the 
points of an elongated hexagonal lattice. In both cases a rough fit can be 
obtained of the (in) face of the halide ion lattice if distortions of the type 
indicated by Dr. van der Merwe are permitted. Is it possible that the faces 
which appear are stabilized by a thin film of the halide so fitted ? The copper 
could then move freely to the surface of the film and react with the halogen. 
Interesting speculations ari.se as to the thickness of the film, etc., but since its 
existence is itself a speculation this would be unwise at this stage. 

It may be asked what the above experiments have to do with crystal growth. 
If (i) is the correct interpretation, then we have information on the stability of 
copper surfaces. If (ii) is the explanation, the method may yield information 
on the conditions at steps in crystal faces, whereas (iii) would be an interesting 
case of orientated overgrowth with the deposit adhering to the substrate more 
strongly than to further deposit and the copper rendered mobile over the surface. 
Further work is in progress on this and allied problems. 

Mr. H. E. E. Powers {London) said : It has been reported how the form of 
certain crystals varied with the metal surface upon which they were formed. 
An even stronger case is that sucrose crystals, almost fully grown, suspended 
in a supersaturated syrup, when cooled in contact with Hyduminium, orient 
themselves in such a way that a very high proportion of the crystals set with their 
large plane face parallel to the metal, rather than in the completely erratic 
orientation attained in contact with iron. The result is seen in the mirror-like 
reflection and the silky feel of the slab ultimately removed from the Hyduminium 
surface as contrasted with the scattering of light and the “ sharp tooth " rough- 
ness of that in contact with iron. This suggests a correspondence in the molecular 
lattice structure of sucrose and Hyduminium. 

Prof. A. Juliard (Brussels) said : The attractive explanation of the action 
of phosphates proposed by Dr. Raistrick seems to hold well for CaCO, precipi- 
tation and NaNOj crystallization because one of the parameters of these crystals 
has a length of exactly 1*94 A. 

But the peculiar inhibiting action of Na hexametaphosphate must be related 
to something more than the geometrical properties of their molecules becaus# 
this substance also acts as an inhibitor at concentrations of 2 p.p.m. in the 
precipitation of substances, such as BaCOg, Ag,COa, AgjS, AgOH, Ag^AsOa, 
CaCgOi, etc. \ ' 

This inhibiting action must be related to the great affinity of the large molecules 
of hexametaphosphate for the Ca, Ba and Ag ioris, which affinity promotes the 
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adsorption of the hexametaphosphate and thus prevents the subsequent aggre- 
gation of the constituents of the crystal. 

Dr. A. F. Wells (I.C.I., Dyestuffs) said : The importance of dimensional 
fit between substrate and oriented overgrowth has been demonstrated in many 
cases. It is a very different matter, however, to extend this idea to account for 
the inhibiting action of metaphosphates on the nucleation of calcium carbonate 
solutions. Even assuming that the distances between calcium ions in (oooi) 
faces of very small nuclei of calcite correspond closely to oxygen-oxygen distances, 
in metaphosphate chains or rings (the structures of which have not yet been 
determined), Dr. Raistrick's explanation could only account for inhibition of 
growth on the basal plane of calcite, i.e., for the development of thin plates. 
Also, as pointed out by Prof. Juliard, the action of sodium metaphosphate is not 
confined to calcium carbonate but also extends to other compounds with quite 
different crystal structures. 

With regard to the more general question of normal as opposed to abnormal 
growth, it would seem that certain fundamental experiments in crystal growth 
have not yet been attempted. For example, before any experimental study of 
relative rates of growth on different crystal faces can be profitably carried out it is- 
essential to develop an experimental technique which will result in equal amounts, 
of growth on crystallographic ally equivalent faces. It would seem, for example, 
that experiments to grow perfect cubes (or geometrically perfect square sections, 
of cubic crystals) should logically precede studies of growth in solutions of high 
supersaturation, a feature of which is the unpredictable and inexphcable variation 
in rate of growth on presumably equivalent faces of a cubic crystal. 


Mr, P. R. Rowland (London) (communicated ) ; Dr. A. F. Wells has pointed 
out that, according to Dr. Rais^ick's theory, growth of calcium carbonate 
crystals would only be inhibited on one face by sodium metaphosphate and 
similar substances containing P-O-P chains, thus producing thin plates. How- 
ever, neither Dr. Wells nor Dr. Raistrick appears to have followed up the implica- 
tion in any detail. The following questions may be asked : 

(a) Supposing thin plates are formed, what would be their thickness ? Would 
it be of molecular dimensions ? If so, could the plates be easily broken up to 
form a colloidal solution ? 

(b) Could a very thin nucleus grow in the circumstances ? Might not the surface 
fields be so modified as to prevent growth ? 

(c) May not growth on the edges of the plates be prevented by stabilization 
of low index faces tending to heal the high index faces which Dr. Bunn supposes 
are present ? Perhaps chains overlapping from the faces of the plates may also 
have some effect. 

The test of the theory would appear to be in an exhaustive analysis of the 
nature of the supersaturated solution concerned to attempt to determine the size 
of the inhibited nuclei. 


( HO O OH ' 

\ / \ / 

P P 

/ \ / \ 

HO O OH j 

mentioned by Dr. Wells for hypophosphoric acid has been considered and 
rejected by Nyl6n and Stelhng, and by Blaser and Halpern. To their reasons 
I would only add that this structure would give the phosphorous atoms nine 
electrons each in the outer valency shell, possibly causing the hypophosphates 
to be paramagnetic, whilst Bell and Sugden have shown them to be diamagnetic. 
It must also be pointed out that a compound of this structure would, on the 
basis of the hypothesis advanced, be equally as incapable of stabilizing the 
supersaturation of calcium carbonate solutions as will be the one that I propose. 

The second point as to why the nucleus does not grow indefinitely to produce 
a thin sheet of large area is dealt with in my paper which gives in more detail 
the ideas advanced during the discussion. 


Dr. F, C. Frank (Bristol) (communicated) : Prof. Garner suggests that an 
added substance could inhibit growth by adsorption at “ the reproducible point. 
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This is not quite correct, for, as was shown by Frenkel, there will be many such 
points along every step (this has been further elucidated by Burton and Cabrera, 
who refer to these points as kinks in their first contribution to this Discussion), 
Moreover, supposing all of these points are blocked, fresh ones can be formed with 
ease, requiring an activation energy which is only a fraction of the latent heat. 
On the other hand, adsorption along the length of the step will suffice for profound 
modification of the growth rate, while still requiring only a small quantity 
of adsorbed material. If there are N dislocations per unit area, and the lattice 
spacing is a, the fraction of all lattice points in a face which lie along steps 
connecting these dislocations is of the order aN^ — say, one in 3000 if for N we 
assume the conventional value for an annealed metal, 10* cm."*. Given a crystal 
of high perfection, with growth fronts based on one or a few dislocations, growth 
could be inhibited by an almost unmeasurable trace of adsorbate. This is on the 
assumption that the crystal is first treated with inhibitor before being submitted 
to supersaturated solution. If, on the other hand, growth is already actively 
proceeding, with a growth pyramid whose faces are vicinal by an angle 0 to 
the habit-face, the step-sites form a fraiction 0 of all sites, for any small or moderate 
density of dislocations. The amount of adsorbate required to stop growth in 
this case is larger (e.g., if 0 — 10' = 0-3 %). 

The adsorption sites along the step-line are distinctively different adsorption 
sites from any others in the face (or in any other face of the same crystal). 
Especially for adsorbates of relatively complicated molecular geometry (such 
as dyestuffs or condensed phosphate ions), the adsorption energy at these step- 
sites can be very different from elsewhere, and, moreover, can be strongly 
dependent on the crystallographic direction of the step in the face. 

If, now, adsorbed molecules each occupying n lattice-sites are adsorbed ailong 
the step-line, the “ reproducible event ” becomes the addition of n lattice units 
instead of i, and demands the heat of desorption of the adsorbate molecule before 
it can take place (assuming the latter is rigid). A large value of n contributes to 
the efficiency of the inhibitor in two ways : by making this activation energy 
large and by making the adsorption specific and therefore economical. If the 
adsorbate consists of chains with some flexibility a complication is introduced. 
A certain amount of growth can occur by stages which do not involve desorption 
of the whole adsorbate molecule : but in time this will lead to the molecule 
becoming extended over the surface of the crystal, so as to give no play to its 
flexibility until it suffers a major readjustment in position. This, coupled with 
the fact that adsorption on the step-lines makes all faces, high-index faces 
included, into slow-growing faces, can account for the spherical form assumed 
by carbonate crystals whose growth is partially inhibited by metaphosphates,, 
as described by Juliard. 

One more point of interest which arises here is the apparently highly specific 
dependence upon agreement in lattice spacing between carbonate crystal and 
metaphosphate additive. It seems that not more than i % or 2 % discrepancy 
is needed for a marked decrease in effectiveness of inhibition. According to 
Frank and van der Merwe (see van der Merwe’s paper in this Discussion) the 
“ critical misfit ” is 9 % when the forces between adsorbate atoms and those 
between adsorbate and substrate atoms are equally strong. In this case the 
adsorbate atoms are covalently linked, but have mainly ionic attachment to the 
substrate. The cleavage properties of silicates show the greater strength of the 
former type of bonding and the fact that autunite cleaves like mica shows that 
the same relationship applies in phosphates. Hence it is to be expected that the 
critical misfit should be substantially less than the standard 9 %. 

Dr. C. W. Bunn (I.C.I., Plastics) said : The fact that such widely divergent 
types of impurity as KaCr04 and the huge dye-molecule Brilliant Croceine 9B 
both affect the (on) faces of KCIO* is not necessarily to be regarded as evidence 
against the theory of habit modification (suggested by Royer and myself) 
which attributes the effects to a correspondence of lattice dimensions on particulai 
ctystal planes of the substances concerned. A correspondence of the lattice 
dimensions of a crystal plane of the impurity with multiples of the lattice 


Cp. Buckley, This Discussion. 
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dimensions on a particular plane of the modified crystal may be just as effective 
as a one-to-one correspondence ; and until we know the lattice dimensions of 
Brilliant Croceine 9B we cannot say whether there is any correspondence with 
(on) of KCIO,. The same is true for all the other complex dyes which modify 
simple inorganic crystals. However, I do not want to push my own theory 
too far, and it may be that in some cases the adsorption of isolated impurity 
molecules is effective, while in others groups of impurity molecules are involved ; 
it is only in the latter cases that lattice dimensions are likely to be important. 
It is perhaps significant that, as Buckley rightly points out, the cases in which 
a correspondence of lattice dimensions has been established are those in which 
a comparatively high concentration of impurity is required to effect habit 
modification ; obviously it is precisely in these circumstances that groups of 
adsorbed impurity molecules are likely to be formed on the crystal faces, and 
their stability will depend on whether the lattice dimensions of the two substances 
correspond. On the other hand, the substances which are effective in very 
small concentration are often those with large molecules ; in the first place, 
when the concentration of impurity is small, molecules may be adsorbed singly ; 
and in the second place, a single large molecule, anchored on the surface by 
perhaps one polar group, constitutes as serious an obstruction to growth as a 
group of smaller molecules. 

The examples in which a low concentration of a dye encourages one face, 
while a higher concentration encourages a different face, might be explained 
on these lines : at a low concentration the effect produced is due to adsorption 
of single molecules (the face affected being that on which isolated molecules are 
most stable) , while at a higher concentration the effect is due to groups of adsorbed 
molecules formed on the face whose lattice dimensions are appropriate, and 
this may be a different type of face from that most affected by single molecules. 

The examples in which impurity is built into the crystal on faces other than 
that which is most retarded seem disconcerting at first sight. But I think a 
reasonable explanation can be found if we consider the molecular mechanism 
of retardation. The retardation of growth by adsorbed impurity depends on 
two things — two-dimcnsioned stability combined with three-dimensioned insta- 
bility : the impurity molecules attached to the surface form a stable complex 
with the surface molecules of the crystal, but if more solute packs round the 
adhering impurity, the three-dimensioned complex is unstable, and being 
unstable has a higher solubility, and is therefore either not formed at all (i.e,, 
more solute molecular will not build round the impurity) or if formed is soon 
redissolved ; in either event stable growth cannot occur until the impurity is 
turned off the surface. When impurity is built into the crystal, this is because 
the impetus of growth is sufficient to cover the impurity with fresh solute in 
spite of the instability of the three-dimensioned complex. How much impurity 
is built in depends on the degree of instability. Moderate instability means 
only moderate retardation accompanied by some inclusion of impurity ; but 
great instability means maximum retardation with little if any inclusion of 
impurity. Thus the faces on which impurity is built in are not always those 
whose growth is most retarded ; and the faces on which impurity is not built 
in are of two types — those whose growth is not affected at all because the 
impurity is not strongly adsorbed, and those whose growth is most retarded. 

Dr. S. Fordham {Stevenston, Ayrshire) (partly communicated) : Adsorption of 
dye need not always be strongest on the face which appears most developed in 
the modified crystal habit. Under conditions of high supersaturation, when 
growth occurs by the spreading of visible layers, the dyestuff might be most 
effective if adsorbed on to the advancing edges of the layers. The plane of the 
crystal actually adsorbing the dyestuff would then be normally, or at least 
steeply, inclined to the plane which is finally developed. In this particular 
instance, therefore, the face developed might not strongly adsorb the dyestuff 
in solution. 

Even in the case of slow crystallization by unimolecular steps, it is not clear 
that there must exist a quantitative correlation between face development and 
the adsorption of dyestuff. We may assume that a dyestuff is adsorbed on a 
crystal by reason of its polar groups which become attached at specific points 
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on the face or in vacant sites of the crystal. If this adsorption occurs at an 
advancing step, the polar groups may be adsorbed at two different levels and 
therefore effectively on an inclined plane of the crystal. Should this happen the 
dyestuff molecule is particularly well placed to affect the rate of crystallization. 
On the other hand, the amount of adsorption measured in the usual way would 
be expected to be greater for the inclined face than for that actually developed. 

Dr. J. Whetstone [Stevcnston, Ayrshire) said : In reply to Dr. S. Fordham's 
suggestion that adsorption of the dyestuff might be most effective on the 
advancing edges of the spreading layers during growth of the crystal under 
conditions of high supersaturation, it may be noted that, in ammonium nitrate 
crystals showing hour-glass inclu.sion of dyes, observations made of the pleo- 
chroism of the inclusions indicated that the plane in which the dye molecules 
must lie was parallel or nearly parallel with the (001) plane. Since habit modi- 
fication was on the (010) plane, this supported Dr. Fordham’s viewpoint. 

Referring to the structural similarities between calcite and sodium hexameta- 
phosphate. Dr. Raistrick’s observations were of the greatest interest in view 
of the fact that the C primitive translation of ammonium nitrate IV was also 
4*96 A, and sodium hexametaphosphate was known to modify the crystal habit 
of this salt to {001} ‘‘ plates." 

Dr. S. Fordham (Stevenston, Ayrshire) said : Some of the additions made to 
phases II and III of ammonium nitrate in the work of Prof. Hocart are known 
to slow down the rate of transition bet’ween these jihases and phase IV. I would 
also draw attention to the metastability of dry ammonium nitrate of phase II 
followed by direct transition to phase IV at 50" C. In view of these known 
results, I would ask Prof. Hocart whether he considered that the stabilization 
observed was complete or whether it should not rather be regarded as increased 
metastability. 

Dr. J. Whetstone (Stevevslon, Ayrshire) said : Solid solution formation is 
apparently an essential preliminary to .stabilization of a phase of ammonium 
nitrate outside its ordinary temperature range, and 1 should like to ask Prof. 
Hcx'art if he could elucidate the mechanism of stabilization of ammonium 
nitrate II by an insoluble material such as lead carbonate or silver sulphate. 

Prof. R. J. Hocart and Dr. J. C. Monier (Strasbourg) said: Fig. i shows 
ammonium nitrate JT oriented upon mica and stabilized at ordinary temperature 
by caesium nitrate (from a solution of ammonium nitrate saturated at 18° C 
and maintained at 50"^ C). 

The experiments given in our paper did not take intt) account the possible 
double decompositions of salts which can take place when the impurity chosen 
lias no ion in common with ammonium nitrate. Recent work involving such a 
jirocess is being pursued by the authors as well as accurate determinations of 
the effective percentage of impurities added. 

The expression stabilization has been employed in our paper to characterize 
phases 1 , II, III when brought into the field of “ pure " ammonium nitrate IV. 
By such a term is meant : when studied at ordinary temperatures, the impure 
but " dry " phases I, II or III undergo no apparent change tow^ards phase IV. 
In this respect, any one of those three phases is crystallographically inert 
(although thermodynamically unstable wdth regard to the decomposition products 
of ammonium nitrate). 

Is this inertia phenomenon comparable to the well know n metastable tiansition 
II ^ IV of " pure " and " dry " ammonium nitrate, at about 45^^ C, that is to 
say, within the domain of stalde nitrate HI ? A suggested justification of this 
would be that in both cases the usual domains of stability are altered. 

It seems advisable to limit the idea of domains of stability strictly to " pure " 
substances and merely to observe that impure phases I, 11 , III of ammonium 
nitrate arc in false equilibrium or " inert " with respect to phase IV. New experi-* 
ments would be necessary to determine the degrees of inertia. 

Dr. F. M. Lea (D.S.I.R., Watford) said : The maximum pressure that can be 
exerted by unidirectional growth of a crj^stal, when the other (" free ") faces 
are in contact with a solution not under pressure,^is of considerable interest in 
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geology and many branches of technology. It is of interest, therefore, to enquire 
whether, on theoretical grounds, any limit can be set to the applicability of the 
equation 

PF(solid) = RT log cic, 

given by Prof. Correns, apart from any limitations which may arise from the 
influence of surface forces in determining whether the solution can continue to 
gain access to the stressed faces. As the degree of supersaturation rises an 
increasing tendency must exist for deposition to occur on the “ free ” faces of 
the crystal rather than on the end faces growing under restraint. Pressure on 
the end faces causes a very slight increase in solubility of the “ free ” faces but 
it is of another order of magnitude, being given, as Williamson and Goranson 
have shown, by the equation, 

pi 

P(solid) — RT log cjc ^ , 

where P is the pressure on the stressed face and E the elasticity of the crystal. 
The problem, therefore, is to determine at what value of eje^ the “ free " face 
will commence to grow rather than further deposition occur on the end faces 
bearing the unidirectional stress. Present theories of crystal growth do not 
appear to explain why certain faces of a crystal should continue to grow prefer- 
entially against a progressively increasing pressure. Further study of this 
phenomenon may, it is suggested, throw further light on the factors which 
determine the relative rates of growth of different crystal faces. 

Prof. C. W. Correns {Gottingen) {communicated) : If a crystal grows under 
stress the unstressed free faces also grow if the pressure is small, i.e., as realized 
under experimental conditions and also observed in our measurements. The 
data for alum are given in Fig. i and Table I. From the equations of Dr. Lea 
and myself, it follows that the saturation pressure for the free and the stressed 



^'Williamson, Physic.^ Rev.^ 1917, 10, 275. 
Goranson, J, Chem, Physics, 1940, 8 , 323. 
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TABLE I 


faces is then the same when the pressure equals the elastic modulus E. 
(This is the case with alum at 180,600 kg./cm.*.) If the pressure is smaller the 
supersaturation is larger for the free faces than for the pressed ones. At 
pressures which are higher 
than this, it is the other way 
round. At these very high 
pressures the free faces would 
no longer grow but only the 
pressed faces. 

The problem put forward 
by Dr. Lea can be answered 
in the following way. With a 
given experimentally possible 
supersaturation the pressed 
faces only grow until the pres- 
sure, corresponding to my 
equation, is reached while the 
free faces grow until the much 
higher pressure, corresponding 
to the equation given by Lea, 
is attained. Only with extremely large supersatu rations, which are for alum 
larger than do the free faces cease to grow at smaller pressures than the 

pressed faces. With rock forming minerals too it can be estimated that in 
nature the free faces will always grow even if one allows for hydrostatic pressure. 


P(kg./cm.*) 

cic, for the 
stressed faces 

eje, for the 
free faces 

10 

1*1 

1*000005 

31*6 

1*4 

I *00006 

63*2 

2*0 

1 -00025 

100 

3-0 

I *0006 

1,000 

5-3 X lo* 

I -06 

10,000 

10^^ 

5*3 X 10* 

30,000 


IO«^ 

100,000 

10473 

io86» 

180,600 

10864 

10864 

1000,000 

2^o1730 

jo26900 


IV. MINERAL SYNTHESIS AND TECHNICAL ASPECTS 
Introductory Paper 

By Dr. F. A. Bannister 

Artificial minerals have so far been made by processes essentially similar 
to those which have operated on a much larger scale in nature. Some of 
the conditions which influence crystal growth can now be controlled satis- 
factorily in the laboratory, but the pressures and temperatures and above 
all the time available for a particular experiment are limiting factors. 
Numerous attempts in the past to produce minerals identical in properties 
and composition with those naturally occurring as constituents of rocks and 
ores have had as their chief object the comparison of the laboratory conditions 
of formation with their mode of natural origin (paragenesis). It is chiefly 
within the last twenty-five years that it has been possible not only to grow 
large crystals but ones that are at least optically perfect. 

Crystals can be grown by : 

(1) Cooling or evaporation of a saturated solution, 

(2) Condensation of a vapour, 

(3) Freezing of a liquid, 

(4) Appl3dng heat and pressure to a dry melt, 

(5) Applying heat and pressure to a solid system containing water, 

(6) Reactions involving ionic diffusion below the melting point. 

These methods are illustrated by the papers to be given in this section. 
Barrer reviews their application to the growth of crystalline silicates and 
compares the production of rock-forming minerals from natural magmas. 
Whereas artificial zeolite and clay minerals can be formed only by the 
hydrothermal method (5), quartz and the feldspars, orthoclase KAlSigOg, 
and albite NaAlSigOg, have also been produced by methods (3) and (4). 
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The hydrothermal method which has been used extensively for over 
a century to produce minerals and also to study their alteration products 
makes use of a sealed container, bomb or autoclave. It is supposed that 
conditions inside the enclosure resemble those that produced crystals in 
igneous rocks formerly subjected to high temperature and pressure. We 
can, of course, only witness the end products of these reactions even in the 
laboratory and the mechanism of hydrothermal crystal growth cannot so 
far be directly observed. We possess two great advantages in the laboratory : 
a knowledge of what and how much we put into the reaction chamber, and 
control of temperature and pressure. The contents of an autoclave can 
be subjected to a temperature gradient or heated under isothermal condi- 
tions. Water vapour above the critical point can dissolve silica and redeposit 
it as the least soluble form of quartz. A polycrystalline crust is first laid down 
upon the walls of the autoclave followed by single crystal growth upon a 
seed cut from a natural crystal. 

Accounts of both variations of the hydrothermal method applied to the 
.synthesis of quartz are given by Van Praagh, Thomas and the Woosters. 
These investigators have developed the isothermal technique and give 
details of modifications to Nacken^s original method. Van Praagh's work 
is concerned chiefly with a study of the devitrification products of the trans- 
parent silica glass (vitreosil) used as raw material. Thomas and the Woosters 
Ixave had as their main objective the production of artificial quartz suitable 
for the manufacture of oscillator plates. They have encountered one serious 
disadvantage. If the autoclave is charged with more than a given quantity 
of silica glass then devitrification can take place before the glass has all 
dissolved. Con.sequently five successive deposits each nearly i mm. thick 
upon the original seed crystal are necessary to obtain the required thickness. 
The total duration of the 5 mm, growth is 90 hr., including 25 hr. taken in 
heating the autoclave each time to 360° C. This corresponds to an incre- 
ment of 100 mg./cm.2 in one experiment of 18 hr. and cannot be exceeded if 
the growth is to be a single crystal and sufficiently free from flaws to serve as 
an oscillator. 

An interesting speculation is whether quartz crystals growm naturally 
have comparable rates of growth. Should we ever possess a method of dating 
different levels of growth within a naturally occurring crystal it may prove 
that quartz crystals took no longer to grow in a mineral vein than they do 
in an autoclave. Another interesting question is whether the hydrothermal 
growth of crystals follows the principles which are now emerging from the 
theoretical and experimental studies described in previous sections. How 
far is single crystal growth of quartz in an autoclave dependent upon the 
presence of faces with high indices (Bunn, Part I) and what part is played by 
dislocations ? 

Wyart has applied the hydrothermal method of synthesis to minerals 
from their amorphous oxide constituents, and has produced cristobalite, 
analcime, kalsilite and orthoclase as well as quartz. He has made a study 
of the whole series Na^Kx-AAlSi04 with the object of specifying the limits 
of stability of nepheline (Na3KAl4Si40ie) and kalsilite (KAlSi04). The work 
of Michel-L6vy and Wyart deals not only with the hydrothermal synthesis of 
niinerals in autoclaves but also with the products of gaseous explosions in 
which pressures of 50,000 kg./cm.^ and temperatures of 30,000° C are attained 
for a few millionths of a second. This recalls the work of Sir Charles Parsons 
who thirty years ago used gunpowder explosions and attained similar 
temperatures and pressures in a series of unsuccessful and expensive attempts 
to make artifleial diamonds. Michel-Lcvy mixes samples of various powdered 
materials, including minerals and rocks, with explosives and produces 
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momentarily the high-pressure and temperature conditions that operated, 
for instance, in the formation of well-crystallized granite in the earth's 
crust, (The pressure exerted by the weight of overlying rocks at a depth of 
10 km., i.e., 6*4 miles, assuming an average density of 27 g./cm.® for the 
granitic layer, is 2700 kg./cm.^ and at that depth in the absence of all volcanic 
disturbance the temperature probably approaches 350® C.) The explosions 
produce glassy spherules mostly < i (i. diam., that, on annealing at 
temperatures up to 850"^ C, are converted to small but well-formed crystals 
of quartz (0*25 to i mm.), the feldspar minerals, biotite flakes, magnetite, etc. 

Wyart points out that the relatively small quantities of crystalline solids 
formed in some of these experiments can be identified with certainty only 
by X-ray diffraction methods. Chemical and spectrographic techniques are 
of course as essential as ever they were in detecting and measuring the 
quantities of the elements present in a material. The majority of transparent 
and many opaque crystalline solids can be identified by their optical properties 
in transmitted or reflected polarized light providing that the crystal size 
does not approach too nearly or fall below i (x. It is now possible with 
X-ray technique to determine the crystalline phases present and in some 
instances their relative proportions, not only for minute test specimens 
but also for the fine-grained (< i p.) constituents of clays, metals, ceramics, 
cements and many other crystalline and partially crystalline materials. 
All these methods are of importance for the study of crystal growth parti- 
cularly under hydrothermal and pneumatolytic conditions. 

The study of crystal growth in a complex system like Portland cement 
or a blast-furnace slag demands first of all an investigation of the component 
phases, their properties and genesis. Of paramount importance is a knowledge 
of the crystal structure from which can often be deduced at least approxi- 
mately the melting point, coefficient of expansion, cleavage, hardness and 
dielectric constant. Crystal structure analyses of calcium silicates and 
aluminates and other cement minerals have been hindered by the difficulty 
of preparing single crystals of some of the phases. Powder photographs 
do not suffice except for those with high s\TOmetry. Techniques for the 
synthesis and growth of the low symmetry crystals have been developed at 
the Building Research Station and are described by Lea and Nurse. 

Control of crystal habit although imperfectly understood has many 
practical applications. Lea and Nurse describe recent work on the setting 
of plaster of Paris. The usual radiating growths of gypsum needles, elongated 
parallel to [001 j, in aqueous solutions can be modified, by the addition of 
sodium citrate, to short prisms tabular to (010), so reducing the expansion 
of the plaster on setting. Control of crystal size can be just as important 
in refractory materials as in metals. Work carried out by the British 
Refractory Research Association shows that sintering of a magnesia brick 
at 1600° C increases the size of the periclase crystals with diminution of 
pore-space, thus improving mechanical properties. The well-known examples 
of the production of wollastonite (m.p. 1540° C) from the interaction of lime 
and silica at 700"^ C and of forsterite (m.p. iSgo"" C) from magnesia and silica 
at 620° C show how important reactions involving ionic diffusion below the 
melting point can be in the manufacture of refractories, ceramics and many 
building materials as well as in the thermal metamorphism of rocks. 

The growth of large crystals from aqueous solutions stiU remains more 
an art than a science. Holden's work in the Bell Telephone Laboratories 
emphasizes the importance of the stirring conditions. Maximum deposition 
of crystal nuclei should be at the crystal surfaces and this is achieved by 
moving the crystals bodily through the solution and frequently reversing 
their direction of travel to prevent the liquid rotating with the crystals. 
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Details of how to grow crystals of different substances vary of course with 
solubilities and the type of habit modification that may be necessary. It is 
noteworthy that both Jaffe and Robinson who have worked independently 
on the growth of large crystals of ammonium dihydrogen phosphate for 
telecommunication systems use substantially similar technique and add the 
same salts to modify crystal habit. Each substance has its tolerable growth 
rate above which “ veils/* i.e., threadlike inclusions of mother liquor, begin 
to be included in the growing crystal. Holden attributes these to inequalities 
of supersaturation over various areas of a single face. Similar crystal outlines 
or ''ghosts*' are sometimes seen in naturally occurring crystals like quartz 
and are due to interruptions in crystal growth. 

The growth of crystals from melts described by Stockbarger and Menzies 
has become one of the most important methods for the preparation of 
optically perfect materials. It is now possible to produce colourless crystals 
of fluorspar in large quantities, whereas the naturally occurring mineral is 
relatively scarce and usually restricted in crystal size. Large single crystals 
of sodium nitrate can be induced to solidify from a melt in contact with 
a sheet of mica that acts as a ‘ template * for the sodium atoms. Crystals 
grown from the melt approach the ideally perfect crystal of the X-ray 
crystallographer, whereas those grown from solution are more often mosaic 
in type, their growth, as Fordham suggests, depending on the propagation of 
dislocations. Knowledge of the influence of impurities on the perfection 
of crystals — ^grown from the melt — ^and upon their outer form should be of 
assistance in formulating the general principles of growth of ionic crystals. 

Department of Mineralogy, 

British Museum (Natural History), 

Cromwell Road, S.W.y, 


THE PRODUCTION OF LARGE ARTIFICIAL FLUORITE 

CRYSTALS 

By Donald C. Stockbarger 
Received loth February, 1949 

This paper presents a condensed summary of the research and accomplish- 
ments in the development of methods and means for the growth of 
artificial optical fluorite at the Massachusetts Institute of Technology 
during the last war.^ It touches lightly on some of the earlier studies, 
begun in the middle 19205,^ but does not include post-war improvements. 

The work was done for the National Defence Research Committee, 
U.S.A.,^ with a view to supplying optical material needed for highly corrected 
aerial camera objectives and the like. Altogether some 1300 crystal castings 
had been grown from the melt, ranging up to 6 in. diam,, and several of them 
had been successfully incorporated in large instruments at the close of the 
war. 

Historical. — It is practically impossible to trace the history of artificial 
fluorite research because of the paucity of published accounts. Few workers, 


1 O.S.R.D. Report No. 4690. 

* Stockbarger, /. Opt. Soc. Amer., 1927, 14, 488 ; Amer. Miner., 1927, la, 26. 

• N.D.R.C. Contract OEMsr-45 with Massachusetts Institute of Technology. 
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it may safely be assumed, were sufficiently encouraged to continue their 
efforts and still fewer got so far as to describe their unpromising results. 
Judging by the meagre evidence found in the literature, most of the scientists 
must have encountered unwittingly the principal obstacle to direct crystal- 
lization of alkdine earth halides from the melt, viz., hydrolysis,* and so 
turned to methods of precipitation.® « ’ 

In the middle 1930s, however, one laboratory resumed its earlier endeav- 
ours * hopeful that practical advantage could be taken of its apparatus 
and methods for growing optical lithium fluoride.® ® It succeeded in making 
single air-grown fluorite castings, in. diam., which had good cleavage 
but poor optical properties.* From a review of this and other accumulated 
experience, a key to the solution was seen to lie in more eflicient utilization 
of those factors which had already been helpful, viz., {a) care in salt pre- 
paration, (b) minimization of hydrolytic contamination and (c) temperature- 
gradient control.^® A useful plan was formulated and put in practice, on 
a very small scale, in 1940. Immediate success led promptly to the govern- 
ment contract which enabled the laboratory to expand and improve the 
apparatus and procedures for growing optical fluorite crystals of practical 
dimensions for the first time. 

CaFg Stock. — Calcium fluoride, suitable for conversion into artificial 
optical fluorite, was obtained from natural fluorspar and by s5mthesis in 
the laboratory. To be useful, it had to be relatively free from such 
impurities as silicates, sulphides, sulphates and carbonates. 

Only colourless semi-optical fluorspar was found wholly satisfactory. 
Occasionally it was available in large pieces whose only noticeable defects 
were cracks. More often it had to be prepared through dissection and 
manual removal of all visible specks of foreign minerals and all portions 
exhibiting cloudiness or colour, a process which brought the cost up to many 
dollars per pound. 

The spar was located principally by a special field survey group and was 
shipped to the laboratory in lots of several tons by agents assigned to work 
in the mining districts. It was then sorted, broken if necessary and routed 
to a specially trained staff of stock pickers for dissection and segregation. 
Following preliminary visual grading, to be verified later in crystallization 
tests, the most hopeful accumulations were inspected, crushed, washed in 
cool water, rinsed with alcohol or other highly volatile solvent and dried 
at room temperature in a stream of filtered air. Here as always, in handling 
material to be crystallized from the melt, great care was exercised to avoid 
contamination. The importance of this was emphasized by the ruin of 
one lot of spar through washing with hot water and drying over a steam 
bath. 

Hydrolysis was exceedingly troublesome. It became detectable below 
100® C and increased rapidly with rising temperature to a disastrous 
magnitude far below the melting point. It very evidently contaminated 


• Fremy, Ann, Chim, Phys., 1856, 47, 5. 
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Co.), Vol. III. 

• Friend, Text-book of Inorganic Chemistry (Charles Griffin and Co., Ltd.), Vol. III. 
’ Zekhnovizer, J. Physic, Chem., U.S.S.R., 1937, 10, 88. 

• Stockbarger, R.S.I., 1936, 7, 133. 

• Stockbarger, This Discussion. ♦ 

Stockbarger, R.S.I, , 1939, 10, 205. 
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the salt within the furnace long before the unavoidable adsorbed water 
was volatilized by heating under reduced pressure. Therefore it was 
advantageous, although not always necessary, to introduce a scavenger 
prior to fusion.* 

The most promising scavenging agent studied during the war was PbFg.t 
It could be made to eliminate objectionable impurities arising not only 
from water but also from undetected traces of certain associated minerals 
such as calcite. Furthermore it possessed the advantages of relatively 
low boiling point and, apparently, easy rejection during the crystallization. 
The concentration of lead in the crystal was found spectroscopically to be 
less than one part per million in most instances and it was gener^y too 
low to have much, if any, ill effects on spectral transmissions and refractive 
indices. 

The scavenger was thoroughly mixed with the CaFg before the 
crucible was loaded. A surprisingly large proportion, several per cent., 
was usually required because the efficiency depended on the pre-fusion 
heating whose optimum course was not ascertainable under the circumstances 
and conditions obtaining at the time. Clearly there was room for improve- 
ment and so the use of PbFg was regarded primarily as a wartime expedient. 

Synthesis. — ^The synthesis of alkaline earth halides had always been 
attended by difficulty and became no exception during the wartime research 
on calcium fluoride. Although the material made by the laboratory was 
shown spectroscopically to be equal or superior to useful fluorspar in 
electropositive element content, none of it was ever successfully converted 
into crystals suitable for optical use even after the addition of PbFg. It 
now seems likely, however, that at least a part of the failure may be attributed 
to improper crystallization conditions for, as became evident later, neither 
the furnace design nor the freezing control was nearly perfected at the time 
of the chemical work. 

Since there is a possibility that simple synthetic CaF2 will eventually 
become useful, one of the best preparation procedures is presented. Briefly, 
it consisted in (a) converting selected non-optical calcite crystals into 
Ca(N03)2, (b) treating a dilute solution of the nitrate with an excess of 
NH4OH and O2 to remove magnesium and iron, (c) diluting further, after 
filtering, and precipitating CaS04.2H20 by adding dilute H2SO4 solution, 

(d) converting the sulphate into carbonate by adding (NH4)2C03 solution, 

(e) converting the CaCOg into Ca(N03)2 by adding dilute HNO3, (/) recon- 
verting the nitrate into carbonate after filtering and diluting the solution, 
(g) reconverting the carbonate into o-i N nitrate solution, (h) adding the 
nitrate solution to i N HF solution at a rate of i l./hr., stopping while the 
solution was still acid, {i) washing the CaF2 with dilute HF solution and 
(j) drying the salt at room temperature in a low-pressure desiccator. It is 
to be understood that all precipitated products were washed repeatedly. 
Large volumes of liquid were used generally and their temperatures were 
kept elevated when appropriate. All chemical reagents were of tested 
purity and the HF was distilled one or more times. It also goes without 
saying that the utensils and filter paper were selected with due regard to 
avoidance of contamination. 

Another, and presumably complex, S3mthetic material showed considerably 
more promise of being useful for growing fluorite. It was made quite simply 
by treating an aqueous suspension of finely precipitated CaC03 and PbCOa 


♦ The idea of scavenging was conceived and applied, although not reported, during 
the LiF research. ® 

t Stockbarger and Blanchard, 17. S. Pat. (applied for). 
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with an excess of HF solution in a lead-lined vessel and drying the product 
overnight at a moderate temperature. The procedure was susceptible of 
improvement but was neither developed nor employed during the war 
beyond the point of supplying sufficient stock for making a few crystals 
for test purposes. 

All sjmthetic CaFg materials possessed the inherent defect of relatively 
low density on account of their dendritic character, and therefore were 
inconvenient to use. They had to be pre-shrunk mechanically or thermally 
in order to permit filling the crucible with melt. 

Furnaces.^ — The preferred furnace was one of several vacuum ''-type 
contrivances built especially for growing fluorite. Since it has been described 
in the references,^ ® only its salient features need to be reviewed here. 

In its thermal design, this furnace was similar to that originally developed 
for growing optical lithium fluoride ® and later modified to produce large 
single, although optically useless, calcium fluoride crystals. It provided 
a suitably high temperature-gradient region, through which the crucible 
was lowered, to facilitate the purification naturally accompanying solidifica- 
tion of the melt and it contained remotely controlled means for determining 
whether or not the freezing was occurring at the most favourable level. 

The heating elements were made of graphite which had been carefully 
selected with regard to chemical purity and mechanical strength. They 
received electric power via graphite rods from large water-cooled, mica- 
insulated, copper electrodes passing through the housing base plate which 
was also water-cooled. They were designed with care to avoid chilling of 
connections and consequent undesirable thermal field distortion. Their 
heat insulation was provided by sheet molybdenum baffles. 

The water-cooled housing was sufficiently tight to permit evacuation to 
a small fraction of a micron after all heated internal parts had been 
thoroughly outgassed. This feature was necessary to exclude water vapour 
which would have caused hydrolysis of the CaFg, thus contaminating the 
melt, and to prevent the oxidation of the hot graphite, tungsten and 
molybdenum parts. 

Two mercury-vapour condensation pumps were used in series with a 
demountable vapour trap, chilled for safety by liquid nitrogen, connecting 
them to the mechanical pump. The trap was necessary only when scavenging 
was employed. 

The thin wall, conical-bottom crucible was turned on the lathe from a 
graphite rod which was required to be dense, nearly physically perfect, 
and, moreover, devoid of deleterious chemical impurities which could not 
be removed through leaching with molten CaFg. 

Temperature regulation depended solely on a 90 KVA laboratory line 
voltage controller, developed especially for the purpose, capable of holding 
the input constant within a small fraction of i %. Ambient temperature 
fluctuations were, of course, without noticeable effect. 

Furnace Operation. — Furnace operation was of such great influence 
on crystal quality that the topic requires consideration in some detail. 
Selected fluorspar is assumed to have been used with an appropriate pro- 
portion of PbFg in the following hypothetical example. 

The furnace housing was first sealed and evacuated to 0*1 {x pressure, for 
instance, to verify the tightness of all joints. The elevator was run up 
until the apex of the crucible bottom was above the gradient baffle. The 
heater power was then turned on gradually but fairly rapidly until the gas 
pressure rose to about 10 (x and was thereafter increased in sufficiently 
small steps to prevent the copiously evolved gas from raising the pressure 
much until the CaFg melting point was neared. The heating process usually 
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consumed several hours and could not be hurried without danger of disastrous 
contamination of the melt. When the CaF2 temperature was about looo® C 
(estimated), the scavenging operation was begun by turning up the power 
relatively rapidly so that the melting point was reached within a quarter-hour 
or so. During this period the gas evolution was violent and the vapour 
trap collected an appreciable quantity, perhaps 50 ml., of material, which 
was found to be highly corrosive and to have a very disagreeable odour 
after having been allowed to melt. Following the fusion, the gas pressure 
settled down almost immediately and remained below o-i jx unless purified 
neutral gas was being streamed through the furnace to reduce the entrance 
of mercury vapour. 

Complete melting was verified by means of the depth sound, i.e., freezing 
level probe, after which the elevator was lowered to place the crucible apex 
a little below the gradient baffle level. The power was then slowly reduced 
manually until the freezing level rose, for example, to the baffle height. 
The elevator motor could be turned on at this time to start the travel of 
the crucible down through the baffle at a speed of 1/25 in./hr. 

Throughout the crystallization occasional depth soundings were made to 
determine whether power adjustments were required to maintain the freezing 
within the region of maximum purification. As soon as the soimdings 
showed that all of the melt had frozen, the elevator motor, heating power 
and pumps were often shut off at once. If the crucible was very large, 
however, the heating power was reduced gradually in about 2 hr. before the 
pumps were stopped. 

Much valuable information could be had from simple inspection of the 
crystal after it had been removed by turning the crucible upside down on 
a pile of cotton wool. If the casting was rose-coloured, experience suggested 
that a minute amount of air had leaked into the housing. If it was purple, 
contamination might have come from the graphite. If it scattered light 
generally from within, the freezing level had not been held fixed at the 
optimum height and/or the spar had not been picked carefully enough. 
If it scattered light directionally from its in planes, scavenging had been 
inadequate. 

Annealing. — ^Newly grown crystals were usually so badly filled with 
strains that they could not be sawed and worked in the optical shop without 
cracking. They were greatly improved in this respect by heating slowly 
to about 800° C in a nearly gradient -free, evacuated furnace, holding them 
there for a number of hours and then cooling slowly to room temperature. 
No optimum time-temperature schedule was discovered and so it suffices to 
state that the entire procedure took a day and a half or more. 

Heat-treated crystals were not perfectly annealed but their strains had 
so largely disappeared that they were generally suitable in most unpolarized 
applications. A majority of them exhibited no colour patterns when 
examined between crossed polarizers. Interferometric tests made on a more 
or less typical specimen, in the form of an optical flat, indicated clearly 
that the maximum variation in path length for green light was less than 
1/8 wave length per inch of thickness.* 

Artificial Fluorite Properties. — Needless to say, not all of the crystal 
castings were optically perfect because some were grown from unknown 
stock for test purposes and others had not had the benefit of complete 
scavenging. A great majority of those grown from first-class fluorspar 
were colourless. 


* The flat and measurements were made at Mt. Wilson Observatory and reported 
by Dr. T. Dunham, Jr. 
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Seven colourless crystal specimens were reported to transmit ultra violet 
to 1160-1310 A through thicknesses of several millimetres ; one, to only 
1390 A.*** No others were tested. One colourless crystal specimen, 31 mm. 
thick, was found to transmit infra red to 9-8 p.. It was the only one tested. 
Refractive indices of three crystals grown from different fluorspar under 
different conditions are given in Table I. 

TABLE I 


Spar Origin 

Scavenger 

fiD for 15® C 

Laboratory 

Arizona 

No 

1*43389 

Eastman Kodak Co., Rochester, 
N.Y. 

New Mexico . . 

Yes 

1*433898 

/National Bureau of Standards, 

Kentucky 

Yes 

1-433888 

\ Washington, D.C. 


All of the data are in sufiiciently close agreement with accepted values 
to indicate that there is very little inherent difference between artificial 
and natural optical fluorite. The major difference is in size. Whereas 
the natural material is nearly always small and is relatively scarce, large 
artificial crystal castings can now be manufactured in great quantities. 

Massachusetts Institute of Technology , 

Cambridge, Massachusetts, 

U.S.A. 

* The measurements were made in the Physical Measurements Laboratory, M.I.T. 


IMPROVED CRYSTALLIZATION OF LITHIUM 
FLUORIDE OF OPTICAL QUALITY 

By Donald C. Stockbarger 
Received Jth February, 1949 

Optical lithium fluoride is not a new material. It was being made on a 
small scale, although in practical sizes, in academic laboratories more than 
ten years ago. Moreover, its methods and means of production were 
described,^ ^ ® and would seem therefore to require no further treatment 
were it not for the facts that {a) certain original unpublished details appear 
to be of greater importance than they did earlier, and (6) striking improve- 
ments have followed in the wake of the wartime research on artificial 
fluorite. This paper is intended to bring the subject of lithium fluoride 
production up to date. 

Refractive indices and spectral transmissions are of prime importance 
in an optical crystal. They are usually influenced more by chemical 
composition than by physical structure, in the case of an isotropic materiaj, 
and the transmission characteristics are especially sensitive. The topics 

^ Ramsperger and Melvin, /. Opt. Soc. Amer., and R.SJ,, 1927, 15, 359. 

• Schneider, Physic. Rev., 1936, 49, 341. 

* Stockbarger, R.SJ., 1936, 7, 133. 
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requiring the closest attention are therefore the establishment and the 
maintenance of chemical purity of exceptionally high order. 

Of the many possible wsiys of synthesizing LiF a favourite one consists 
in mixing aqueous LiHCOg and HF solutions. First of all, the LiHCOg 
is prepared by bubbling COg through saturated aqueous LigCOg solution in 
a clean vessel at room temperature. It is helpful to use sufficient excess 
LigCOg to give a nearly saturated solution of LiHCOg and the conversion is 
facilitated by agitation and causing the COg pressure within the vessel to 
build up to a few pounds per square inch. Obviously, only the best LigCOg 
is suitable and so it may be important to prepare it by a special chemical 
procedure. 

The LiHCOg solution is filtered repeatedly until clear and free from 
sediment and then is mixed with purified HF solution in some manner 
ensuring neutralization in acid environment. The latter specification is 
emphasized because inclusion of basic molecules in the salt needs to be 
avoided. An excellent procedure is to add the LiHCOg to the HF slowly with 
agitation, stopping while acid is still present in excess. The LiF precipitate 
may be washed with dilute HF solution, or sparingly with water, and drained 
by decantation, for example. In any case, it is still acid when placed in a 
ventilated oven whose temperature is not much above that of the room, 
say, 40° C, where it dries quickly if spread out thinly. 

The selection of reaction vessels, stirrers, etc., is always guided more or 
less by availability and so cannot be specified rigidly. It must, however, 
be made with due regard to chemical neutrality and cleanliness lest new 
impurities be introduced. In fact, the entire synthesis procedure and the 
subsequent handling of the LiF are performed with this thought in mind. 
Dust of all kinds, for example, is studiously avoided ; clean garments are 
worn and smoking is strictly prohibited in the vicinity. 

The crystallization process itself is brought about by '' slow ** cooling of 
the melt, preferably in a manner assuring the continuous growth of a single 
lattice structure. The well-known accompanying tendency to exclude 
foreign particles, such as ions of different materials, is enhanced by 
maintenance of a flow of heat across the liquid-solid interface whose 
magnitude greatly exceeds the rate of latent-heat liberation. The exclusion 
tendency — ^purification — ^is also affected by slow freezing, but not necessarily 
favourably as will be shown. 

The excess heat flow from melt to solid is a natural consequence of the 
temperature gradient commonly employed to facilitate ordered growth. 
It evidently brings about the rejection of impurities, accidentally lodged 
in the interfai'.e solid layer, through the associated vigorous bombardment 
which depends on the departure from Maxwellian energy distribution. 
Its effectiveness may be expected to be related to the first, second and even 
higher derivatives of temperature with respect to distance across the inter- 
face region, for the bombs come from the melt layer and their penetration 
is a function of the solid layer plasticity. This view is amply supported 
by the results of numerous critical experiments. 

With high-grade salt, largely uncontaminated by residual deleterious 
impurities and protected from the entrance of external ones, the principal 
remaining problems lie in the reduction of accidental pollution. There is 
strong evidence gathered throughout the growth of lithium fluoride crystals, 
from synthesis to crystallization, that the most likely accident is reaction 
with water. 2 This is commonly termed hydrolysis,*' but it may well be more 
far reaching in its nature and consequences in this instance than is the 
simple process suggested by examples and discussions found in treatises on 
chemistry. 
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It evidently can make its appearance during the drying of the salt (compare 
behaviour of calcium fluoride *) and can become prominent during the 
sintering and melting. It continues during crystallization in room air so 
that there is a conflict between contamination and purification analogous 
to an ordinary reversible chemical reaction tending to proceed in opposite 
directions simultaneously. 

In the hypothetical absence of continual contamination and of natural 
or accidental thermal disturbances, very slow crystallization of a fairly 
good melt might be expected to result in some excellent optical material, 
even without high excess heat flow, because presumably there would be 
sufficient time for wandering impurities to diffuse out of the way of the 



Nichrome 

u/ires. 


advancing solid surface. In the presence of accompanying hydrolytic 
contamination, however, it is often observed that increasing the length of 
crystallizing time, beyond a fairly well-defined value dependent on thermal 
conditions, fails to bring about noticeable improvement in quality. There- 
fore, in contrast with purification data obtained under quite different 
circumstances,® the temperature gradient can become paramount in 
importance. 

The considerations of the preceding paragraph can account in part for the 
frequent observation that crystal quality is not uniform along the direction 
of growth. Some such inhomogeneity may be found, however, even in the 
absence of continual melt contamination because the initial melt impurities, 
rejected by the growing crystal, increase in concentration with time to the 
extent that they decrease the effectiveness of the purification process. • 
^ A preferred means for crystallizing alkali halides in air ® is indicated 
diagrammatically in Fig. i. This differs from the more familiar apparatus 

* O.S.R.D. Report, No. 4690. 

® McFee, /. Chem. Physics, 1947, 15, 856. 
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introduced by Bridgman ® in that it possesses novel features, particularly 
helpful in the case of lithium fluoride, which are described below. 

The salt is contained in a thin-walled platinum crucible whose conically 
shaped bottom is held on a metal seat by a layer of Alundum cement cast in 
place. The seat is supported by a metal elevator rod leading to a mechanism 
designed to lower the assembly at any one of many speeds as low as o*i mm. 
per hour. The rod, turned to a diameter of a few millimetres at the upper 
end, projects through the cement-coated seat to cool the crucible apex 
selectively during the initial freezing. 

A polished platinum annular bafiie-plate provides thermal shielding 
between the upper (hotter) and lower wire-wound furnaces so that the 
crucible passes through a nonlinear gradient whose maximum value is 
relatively high. In practice, the baffle is often a sandwich of Nichrome 
between two thin sheets of platinum. Stainless steel can be substituted for 
the Nichrome here as well as in other places although it corrodes faster. 
The clearance between the crucible and baffle window is nearly uniform 
around the circumference and may be about i mm. The refractory 
furnace cores are usually lined with sheet Nichrome to lengthen their lives 
by limiting the access of LiF vapour. 

Opposite the thermocouple tube there is a small horizontal cylindrical 
passage (not shown), through the outer casing into the interior of the furnace, 
whose axis lies in the annular baffle. This permits occasional insertion of a 
platinum alloy wire, attached to the end of a Nichrome rod 2 or 3 mm. 
in diameter, to determine the location of the freezing level by probing 
the soft crucible wall very gently. The passage must be kept filled with a 
suitable plug between probe measurements to prevent distortion of the 
thermal field. 

The provision for probing has been of great usefulness in controlling the 
crystal-melt interface position. The optimum level for purification, in 
furnaces similar to the one sketched, has been found to be a little below the 
baffle in agreement with theory. Optional features include a heated cover 
in place of the insulating brick on top and a closure at the bottom of the 
furnace. 

Accurate means for controlling both temperature ^ and line voltage * 
are generally necessary since fluctuation of the freezing level may be 
dangerous. It needs to be remembered, however, that means for excluding 
the causes of fluctuation can be far superior to means for their regulation, 
especially if the latter tend to hunt. For example, in the complete absence 
of the objectionable influences of air currents and ambient temperature 
changes, it may be better to dispense with all attempts to regulate the 
furnace temperature, but only if the line voltage is held practically constant. 
There is no established limit to the desired precision of control. Usually the 
best devices are none too good and commercial instruments are likely to be 
unsatisfactory. The matter is of such great importance that it has become 
and remains the subject of a group of research programmes. 

For use in the presence of air the crucible may advantageously be made 
of pure platinum approximately 0*003 in. thick. It can be fabricated 
successfully in the laboratory through spinning and hammer-welding, or 
it may now be purchased from manufacturers of noble metal articles. The 
material should be free from foreign particles often carelessly embedded 
during the rolling of the sheets. The exterior of the vessel is lightly copper- 
plated and the interior is cleaned chemically before use. The copper 
becomes oxidized and so improves the transfer of radiant heat. 


• Bridgman, Proc, Amer. Acad., 1925, 60, 305. 
’ Stockbarger, R.S.I., 1939, 10, 205. 
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When crystallization characterized by high purification has been permitted 
to proceed to completion in air, corrosive impurities rejected by the LiF 
are deposited over the upper part of the crucible wall where they sometimes 
do serious damage. The best known method of protection is to halt the 
controlled crystallization prematurely so that the impurities are largely 
entrapped in the top layer of the frozen mass. With this possible exception 
the platinum ordinarily exhibits no sign of attack. 

The crucible is emptied through superficial melting, as taught originally 
by Slater ® and later by others,® the method being similar to that once 
commonly employed to release ice cubes in the domestic kitchen. It can 
be patched with pieces of o-ooi in. sheet platinum if necessary, restored 
to shape and dimensions by stretching and spinning over a suitable form 
and then re-used after cleaning and replating. 

The manner of introducing the LiF into the crucible in air has influence on 
the quality of the final product, presumably on account of its effect in limiting 
hydrolysis. Two practical methods have been adopted. The first consists 
in (a) sintering the more or less fluffy powder quickly in a heavy-walled 
platinum crucible to form dense buttons, ( 6 ) crushing the sintered masses 
to pass a J-in. mesh screen, (c) loading cold and covering the vessel with 
a suitable platinum lid, and {d) fusing the salt in the crystallizing furnace 
rapidly. If step (d) is prolonged the granules may turn brown. 

The second method consists in [a) preparing a shallow layer of melt as 
above, and ( 6 ) introducing the unsintered precipitate, little by little, with the 
crucible kept covered between partial loadings. Care is exercised to keep 
the melt well above the fusion point and each stage of the loading is 
performed quickly with the lid removed only briefly. 

Many lithium fluoride crystals were grown in air at M.I.T. prior to the 
entrance of the U.S.A. into the war. They differed in ultra-violet 
transmission characteristics as did those produced in other academic 
laboratories. 2 They also exhibited the defect of colour which ranged from 
practically none through light yellow to brown approaching opacity and 
some of them scattered light noticeably. 

It is remarkable that the fusion procedure, like the preparation and the 
drying of the salt, can have influence on the colour of the crystal. To add 
emphasis it may well be stated here that melting point samples, repeatedly 
fused and frozen in the open, have been observed to turn deeply coloured. 
Moreover, partial melting back of a crystal followed by solidification in 
the normal manner has left a clearly defined layer of strongly coloured 
debris within the final product. 

Critical experiments designed to correlate ultra-violet and visible defects 
with known variables demonstrated clearly the necessity of meticulous care 
and control from beginning to end. In doing so they also proved that the 
apparatus and procedures described above could produce useful material. 
For example, crystals known to have favourable historical backgrounds were 
found to transmit radiation of wavelengths less than 1100 A * in agreement 
with published data on selected crystals grown elsewhere.® 

Although unsuspected at the time, at least a majority of the crystals 
undoubtedly possessed the defect of selective infra-red absorption which 


• Slater, Proc. Amer. Acad., 1926, 61, 135, 

• Strong, Physic. Rev., 1930, 36, 1663. 

Stockbarger, /. Opt. Soc. Amer., 1937, 41^* 

Melvin, Physic. Rev., 1931, 37, 1230. 


LabSS made by Mr. H. W. Allen in the M.I.T. Spectroscopic 
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has been found more recently in commercial air-grown lithium fluoride.^* 
Since most of the commercial material is somewhat coloured and since colour- 
less lithium fluoride, grown during the wartime research, has been found 
to be free from this defect, it is a temptation to associate the selective infra- 
red absorption with visible colour. Actually, any relation between the two 
has not been established directly. 


Wtudouj 

-U 



Fig. 2. 


It may well be added here that no relationship between unnatural ultra- 
violet absorj:)tion and either visible colour or selective infra-red absorption 
by lithium fluoride has been proven conclusively, 

A special ** vacuum '' type of crystallization furnace * developed for grow- 
ing artificial fluorite during the war can be used profitably for lithium fluoride. 


^•Wright, R.S.l., 1944. *5- 22. 
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It is shown schematically in Fig. 2. Fundamentally it differs little from the 
atmospheric furnace and so requires only brief description. Its heating 
elements, either spirals or grids, are made of graphite, and all hot metal 
parts of molybdenum. A magnetically operated tungsten wire probe 
(not shown in the figure) is lowered through the melt to determine the 
freezing level.* 

The entire housing is water-cooled and is so well constructed that the 
internal gas pressure can be maintained at a small fraction of a micron 
throughout normal use. Consequently this furnace possesses the advantages 
of (a) shielding from external thermal disturbances so that no temperature 
regulator is required, and (b) practical elimination of chemical reactions 
between the salt and the atmosphere. 

A crucible which was developed particularly for fluorite growth, but 
which evidently is generally useful when out of contact with air, is very 
easily turned on the lathe from a graphite rod. The machinist merely bores 
and reams a hole and then turns the exterior with the support of an appro- 
priate, carefully centred mandrel. The process is much simpler than the 
metal working involved in making a suitable platinum crucible. The only 
real difficulties are encountered in the selection of the graphite which must 
be dense, flawless and free from impurities which cannot be removed readily. 
The crucible is cleaned by leaching with molten salt (LiF here), most simply 
accomplished by maintaining a load well above the melting point for one or 
more days. It can be emptied by inversion at room temperature because 
the frozen salt mass does not adhere to the graphite. 

All graphite is more or less porous even in the absence of flaws and 
consequently the wall thickness can seldom be reduced below 0*03 in. 
without danger of serious leakage. The fraction of satisfactory crucibles 
made in this manner may not be large for this as well as other suggested 
reasons but the expenditure of effort is justified by the enjoyment of graphite's 
practical advantages. 

Only a few vacuum-grown lithium fluoride crystals were produced during 
the war. They were made in a single furnace of obsolete design, having 
no probe, from fragments of a rather deeply coloured air-grown crystal 
known to possess poor ultra-violet transmission. All of the specimens were 
colourless. One crystal, approximately 25 mm. thick after polishing, 
was tested. It transmitted infra-red to about 6*5 (x with no evidence of 
selective absorption, proving that the previously noted infra-red defect was 
not an intrinsic characteristic of the substance LiF. It was opaque in the 
ultra-violet below 0*2 [i, showing that whatever purification there may have 
been during the freezing had been insufficient to convert an inferior melt 
into a wholly satisfactory crystal. Much better ultra-violet-transmitting, 
colourless crystals were grown in later experiments with a less obsolete 
furnace and different LiF stock. A few specimen plates were transparent 
below 1100 A. 

Unquestionably the new type of furnace is better than the atmospheric 
one in several respects, but it is also much more expensive and difficult to 
construct and operate. Although it readily produces “colourless lithium 
fluoride crystals, especially suitable for infra-red work, it manifestly does 
not eliminate the necessity of meticulous care in the preparation of salt 
intended for ultra- violet-transmitting material. Consequently it probably 
will not replace the older type for average, small-scale crystal growing. 

Some of the apparatus details and operating procedures presented herein 
may seem to be needlessly meticulous. Quite possibly they could be 

* An illustrated description of the apparatus and methods for growing artificial 
nuorite will appear in J. Opt. Soc. Amer. 
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replaced by others, but long experience has demonstrated their superiority 
over many well-tried alternatives and recognition of their value has grown 
increasingly with understanding of their roles. Their descriptions are 
necessarily incomplete and are intended primarily as guides toward the 
growth of lithium fluoride crystals suitable for optical use. 

Two physical characteristics of lithium fluoride which have been known 
for over ten years are presented here. The second one in particular is being 
studied further at the time of this writing. 

The first has to do with parting. Some lithium fluoride crystals crack 
cleanly along a no plane about as readily as they split in the loo direction 
usually associated with normal cleavage. Consequently it is sometimes 
difficult to determine orientation through the customary preliminary break- 
ing test and, moreover, plate fragments may possess triangular and other 
strange outlines. 

The second is concerned with plasticity. It has been found that lithium 
fluoride plates can be bent dry and at ordinary temperatures to radii of 
J in. or less. Thickness, up to a few millimetres at least, appears to be 
unimportant and danger of failure is small provided that the physical 
structure is good. 

Much of the equipment used in the prewar research was purchased with 
funds granted for the purpose by the Rumford Committee of the American 
Academy of Arts and Sciences. The apparatus used during the war was the 
property of the National Defence Research Committee, U.S.A. 

Massachusetts Institute of Technology, 

Cambridge, Massachusetts, 

USA. 


THE GROWING OF CRYSTALS 
by the methods of Kyropoulos and of Stober 

By a. C. Menzies and J. Skinner 
Received ^(Jth February, 1949 

Large single cr3rstals are required from which to fashion optical components, 
partic^arly for infra-red apparatus, for lenses and for polarizers. They 
are also wanted for experiments in crystal physics and chemistry and for 
electrical purposes especially as piezoelectric oscillators. Our interest in 
them was first aroused through requiring crystals for our experiments in 
light scattering in the alkali halides (second-order Raman effect). ♦ 

We considered the various processes and decided that the one likely to 
serve us best was that of Kyropoulos, in which the crystal is drawn from 
the melt. We chose this method, since we were likely to need a number 
of different alkali halides, and it had the special advantage that one could 
see what one was doing, so that for a new substance one would quickly 
find the correct conditions for growth. 

♦ Much useful information is contained in some of the reports of B.I.O.S., notably 
in No. 468 (Grove-White), I.G., Ludwigshafen, Oppau, No. 552 (Coates), Gdttingen 
and Copenhagen, and No. 1579 (Menzies, Skinner & Rands), Gdttingen, I.G., Munich. 
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There were substances, however, such as sodium nitrate, which seemed 
less suited to the Kyropoulos process, so we decided to try ^so the method 
of Stober, especially since to the best of our knowledge no one else in this 
country was using that method. In it, heating and cooling are applied 
to the material in such a way that isothermal planes move up through 
the material, which is at rest. In some ways it can be regarded as a converse 
of the Bridgeman method. 

In this paper we give a brief account of the two methods, the results 
achieved with them by various workers, with different substances, and the 
advantages and limitations of the two processes. 

The Kyropoulos Process 

The process has been described by Kyropoulos,^ 2 ^nd much work on it 
has been carried out in the First Physical Institute in Gottingen under 
the direction of Prof. R. Pohl, so that it is sometimes connected also with 
his name. Kruger ® in Denmark has also worked by this method. 

It is convenient to divide the description into two main parts : (i) growing 
and (2) cooling. The process will first be briefly outlined, and then specif 
details will be mentioned. 

Growing the Crystal 

A seed crystal is held in a chuck made from pure nickel, forming the lower 
end of a vertical water-cooled nickel tube, and is supported over the mouth 
of a vertical furnace, inside which is the crucible containing the salt. The 
furnace temperature is raised, the salt melts and the temperature is raised 
still further and maintained at io°--2o® above the melting point, to get rid of 
all traces of crystallinity. The seed is then lowered so that the lower end enters 
the liquid, and it is allowed partially to melt, so as to form a fresh surface. 
The temperature is then made to fall, so that crystallization on the seed com- 
mences. By some (e.g., Gottingen school) this is accomplished by turning on 
the cooling water at this point, a drop at a time to begin with, but we prefer 
to keep the water flowing all the time, even at the beginning, and bring about 
the initial cooling by lowering the furnace temperature. 

The crystal grows downwards and outwards (particularly the latter), the 
new growth forming a bun-shaped addition to the seed. If left to itself, it would 
grow out until it reached the side of the vessel. This is prevented by raising 
the chuck and seed, so that the lower surface of the bun is still just in the 
liquid. Another bun is then added to the crystal, and so the process continues. 
As crystallization proceeds, the furnace heating is progressively reduced. Finally 
the crystal is broken off the end of the seed, and cooled down. 

Cooling the Crystal. — ^The crystal may be cooled in the same furnace in 
which it has been grown ; by lifting the crystal just clear of the residual melt, 
one may allow the furnace to commence cooling, and when the melt has frozen 
gently let the crystal down on to the top of it, when the seed will normally 
snap off and the chuck may be withdrawn. Alternatively a second furnace of 
a simple kind may be ready, at a temperature just below the melting point, 
to receive the crystal. We have used both methods, and the chuck supports 
are so designed that the crystal may be swung round into a second furnace. 

The temperature of the cooling furnace is then reduced. Opinion among 
different workers varies concerning the safe rate of cooling. In the Gottingen 
school, the temperature is reduced rapidly at first, and then more slowly. We 
have so far found little difference between the results of switching off the furnace 
and allowing it to cool at its own rate, or of arranging slower controlled rates 
of cooling. These remarks apply to NaCl and KBr. The rate should not b^ 
so rapid that the crystal cracks, nor that there is an undue amount of strain 
introduced. The cooling is a matter for further study. 

^ Kyropoulos, Z. anorg, Chem., 1926, 154, 308. 

* Kyropoulos, Z, Physik, 1930, 63, 849. 

* Kruger, Fysisk, Tids., Copenhagen, 1942, 40, 17. 
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Crucibles. — For the vessel which is to hold the melt, all that is required 
is something which will not crack too easily on heating, which will stand up 
to the temperature to be employed and which does not react with or dissolve 
in the melt itself. Pyrex glass is suitable for silver chloride (m.p. 455® C); 
porcelain (glazed or unglazed) is satisfactory for most of the alkali halides with 
the exception of the fluorides which attack it. For the fluorides a platinum 
vessel is essential. For some salts silica vessels have been used. 

Metal Chuck. — The chuck which supports the seed crystal should be made 
of a good thermal conductor ; it must not oxidize rapidly at the temperatures 
reached and it should not react with the crystal itself. Nickel is suitable 
provided its temperature is kept fairly low by a small flow of water, but if the 
water is turned completely off it oxidizes rapidly. It must also be kept free 
from condensed water vapour otherwise it is corroded by sublimed salt which 
settles on to it. Water condensation on the cool upper parts of the chuck 
can be a considerable nuisance, since it tends to run down into tlie furnace 
and causes flakes of salt, which have sublimed on to the cold metal, to fall off 
on to the top of the crystal or into the melt. These flakes are invariably coloured 
green due to reaction with the nickel and so contaminate the melt. The water 
condensation can be avoided by running the cooling water at such a speed 
that the temperature of the outer surface of the pipe is above the dew-point. 

Seed Crystal. — A suitable crystal to be used as a seed must be obtained : 
once the process is successfully in operation, this is not difticult. We find a 
small furnace and gear useful for growing seeds. It is not essential to use the 
same material as a seed at the commencement : we have found it possible to 
start growing NaNO# by using a calcite seed. 

The size of the seed used depends upon the intended size of the finished crystal, 
for the seed has to carry the weight. For rocksalt crystals about 5 in. across, 
we find a seed of i in. diam. suitable, while for crystals 9 in. across, we use 
seed of 2 in. diam. 

Control of Rate of Growth and Limit of Crystal Size 

The rate of growth of the crystal can be controlled either by the degree of cooling 
applied through the chuck, or by varying the temperature of the melt. It is usually 
necessary to vary both of these factors ; initially the rate of water flow is kept 
small and the melt temperature may be 30° or 40° C above the freezing point. 
As the crystal gets larger the water flow has less effect and the final control 
is achieved by varying the temperature of the melt. At any particular tempera- 
ture of the melt and degree of cooling applied, the crystal will grow until an 
equilibrium state is reached where the heat supplied to the melt by the furnace 
in a given time is equal to the heat conducted away by the cooling system. 
When this stage has been reached the crystal can only be forced to increase 
in size by reducing the input to the furnace which results in lowering the melt 
temperature (assuming that water cooling is now a maximum). Eventually 
the temperature of the melt is only slightly above the freezing point and the 
temperature gradient across the growing surface of the crystal becomes very 
small. At this stage spontaneous crystallization is likely to occur and the 
rate of growth can no longer be controlled. This situation determines the 
practical limit to which a given combination of furnace and cooling system 
will operate successfully. It limits the size to which a crystal can be grown. 
In order to grow crystals of greater depth, a water-cooled spiral which can 
be lowered on to the top of the crystal to supplement the cooling of the chuck 
is helpful. For sodium chloride and potassium bromide a spiral of copper tube 
well plated with nickel is suitable. The inlet and outlet tubes should be supported 
in such a manner that they may be manipulated so that the contact betvreen 
the spiral and the top surface of the crystal is as good as possible. 

Uneven Growth.- -If the furnace is not evenly lagged all round, or its 
temperature is not symmetrical about the vertical axis, then the growing crystal 
will tend to grow more rapidly on the side facing the coolest part of the furnace 
wall. This causes uneven growth and reduces the ultimate size of crystal 
which is obtained, since it must be lifted when the resulting bulge approaches 
the side of the crucible and this will occur before the rest of the crystal has 
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reached its full diameter. This trouble is difficult to eliminate completely, 
and perhaps the easiest way is to arrange for a slow rotation of the crystal 
as it grows. A symmetrical crystal then results (Korber). 

The Lifting of the Crystal. — The speed with which the crystal is lifted 
depends upon a number of factors. As crystallization takes place a diminution 
of volume of the melt occurs. This fact in itself causes the level of the melt 
to fall away from the crystal, and if the diameter of the crystal is not much 
smaller than that of the crucible from which it is being grown there is no need 
to lift the crystal at all. However, if the crystal is much smaller in diameter 
than the vessel containing the melt, the liquid level is not much affected by the 
growing crystal, and the latter must be lifted from time to time ; rates of lifting 
of about 2 to 4 mm. /hr. are usually satisfactory. The rate of growth should 
be controlled so that a rate of lifting of this order is maintained. 

Crystals Grown by the Kyropoulos Process 

For the most part, crystals grown by this process have been alkali halides, 
or mixtures of them. 

Single Substances. — We have grown crystals of the following materials : 

(a) in large sizes (i.e., over 4 in. diam. and 3 in. deep) — NaCl, KBr ; 

(b) in smaller sizes — NaBr, RbBr, AgCl. 

In none of these was any particular difficulty encountered. AgCl, contrary to 
general belief, presents no particular difficulty apart from having to work in 
artificial light. In addition to the above, others have reported growing KCl, 
KI in large size, and in small sizes LiF, NaF, RbCl, Rbl, CsCl, TlCl, TlBr, AgBr. 

Mixed Materials.— Many mixed substances hav^e been investigated at 
Gottingen, where it has been found, for example, that crystals of KCl + KBr, 
and RbCl RbBr can be grown in mixtures of any proportions, and in general 
that this is true of any mixture of two salts provided that the crystal class is 
the same and that the radii of the tw'o anions arc not greatly different, and 
likewise those of the two cations. The crystal grown will not, in general, be 
constant in composition down the cylinder. Dr. A. Hammer while at Steinheil’s, 
Munich, studied a number of mixtures : those successfully grown were KCl + 
KBr, RaFjs + SrF^ and TlCl + TlBr (“ K.R.S. 6 

Very Large Crystals. — As a matter of interest, the largest crystal we have 
seen made by this process is one obtained by Dr. Korber, of I.G. Farbenindustrie, 
Ludwigshafen, Oppau ; it was a cylinder of rocksalt about 12 in. across and 

in. high, and of good quality. 

Advantages and Limitations 

With this method of crystal growth the initial stage consists of growing on 
a chosen seed crystal suspended in the chuck. Since the seed itself is a single 
crystal there is every likelihood that the resulting crystal will be single ; 
furthermore its axes will be orientated in the same way as those of the original 
seed. The orientation of the crystal axes relative to the shape of the lump 
of crystal obtained is therefore determined by the way in which the seed crystal 
is cut. Crystals like sodium nitrate, however, will only grow satisfactorily 
when the axis of greatest thermal conductivity is arranged to be along the 
direction of heat flow. Thus there is only one way of mounting the seed crystal — 
that is, with this axis vertical. 

The process can be interrupted during growth. If, for example, too rapid a 
growth has been allowed to occur, resulting in a cloudy crystal, the melt tem- 
perature can be raised and the faulty portion of the crystal melted away. The 
temperature is then slowly lowered again so that the correct rate of growth is 
obtained. Of course, it is not possible during growth to see whether the crystal 
IS cloudy or not, but if too rapid a growth is taking place at the start numerous 
radial lines appear on the top surface when the crystal is increasing in diameter. 

When the crystal is fully grown there is no difficulty in breaking it away from 
the top of the seed which still remains held in the chuck. The crystal itself 
IS thus free as it is cooling, and is not subjected to any strain due to the contraction 
of any containing vessel. 
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As mentioned earlier, there is a limit to the thickness of crystal which can 
be grown by a given furnace and cooling system. There comes a time when the 
rate at which heat is being conducted away from the top of the crystal cannot 
be made to exceed the rate at which heat is being supplied to it by the furnace, 
unless the melt temperature is allowed to fall too near to the freezing point. 
When this happens spontaneous crystallization takes place and the resulting 
growth is neither controllable nor single. 

Unless many crystals have been grown under identical conditions, the control 
of the rate of growth and the size of the crystal depend upon visual observation. 
It is necessary therefore to open the top of the furnace from time to time, or to 
have a permanent peep-hole. Great care must be exercised in examining the 
state of the growth in this manner or irregular growth results. A good illuminating 
system which can be directed into the furnace is a great help. 

Stober Process 

A method of growing crystals from the melt which has been used with 
considerable success to grow large single crystals of sodium nitrate has been 
described by Stober.* 

A vessel, roughly hemispherical in shape, containing the material to be 
crystallized is placed inside a well-lagged chamber and heated from above until 
its temperature is somewhat higher than the melting point of the substance, 
and held there until its contents are molten. The temperature of the lowest 
point of the vessel is then slowly reduced by applying cooling from below while 
the temperature at the top of the melt is kept constant. If the apparatus is 
well designed the isothermal surfaces are flat, and as the cooling from below 
becomes more vigorous the whole system of isothermals moves upwards. The 
position of the isothermal surface corresponding to the temperature of solidifi- 
cation determines at any time the location of the solid-liquid boundary. 
Crystallization begins when this isothermal surface reaches the lowest point of 
the vessel and then proceeds upwards through the melt. In this way crystalliza- 
tion begins at a point and a single crystal results. It is necessary in the final 
stages to lower the temperature at the top of the melt. 

Stober used the method to grow crystals of sodium nitrate of 3-4 kg. He 
used a pure nickel vessel cooled by means of a water-fed spiral below the melt. 
The experiment lasted 8 days but was held stationary each night. He pointed 
out that for the method to succeed the material must be able to withstand 
temperatures somewhat above its melting point, and that the degree of overheating 
necessary is dependent upon the viscosity of the melt when only just above the 
freezing point. Sodium nitrate, for instance, would grow quite well with only 
a small temperature gradient, but bismuth required a much greater one. 

The method has to be modified when the molten material behaves like water 
(below 4° C) , where the density is decreasing as the temperature falls to the 
freezing point. When this occurs the cooling from below sets up large convection 
currents in the liquid, which disturb the process of crystallization. It can be 
overcome by cooling from above so that the temperature gradient is reversed. 

Like all methods in which crystallization takes place under the influence 
of a temperature gradient, the resulting crystal (unless it is isotropic) is orientated 
so that its axis of greatest thermal conductivity lies along the lines of heat flow. 
For this reason it is important that the isothermal surfaces should be as nearly 
plane and parallel to each other as possible otherwise a single crystal will not 
be obtained. Stober used the method with success for materials of melting 
points up to that of NaCl, but pointed out that with suitably designed apparatus 
the method is general and could be used for substances with much higher 
melting points. 

Almost the same method is being used to grow crystals of sodium nitrate 
by G. Weissenberg in the University of Marburg. Weissenberg places the 
NaNOs in a thin Pyrex vessel, the shape of an evaporating basin, which is then 
put into a well-lagged chamber between an upper and a lower heater. After 
the material has been brought to the liquid state he arranges a constant difference 
of temperature between the top and bottom of the vessel and slowly lowers 


* Stbbcr, Z. Krist,, 1925, 61, 299. 
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both together. He obtains single crystals the size of the vessel (about 7 cm. 
diam. at the top). The same method has been set up in the research laboratories 
of Hilger & Watts Limited and a number of attempts have been made to grow 
NaNOg crystals, but only partial success has so far been achieved. 

Growing of Organic Crystals 

A modified form of Stober’s method has been used with success for growing 
crystals of organic materials, as, for example, ^-dichlorbenzene and naphthalene, 
grown by Rousset and Lochet. ® 

The material is melted in a large crystallizing dish, 15 cm. diam., and the 
depth of liquid is about 2 cm. It is kept hot by the heat radiated to it from 
an electric heater of large surface, several centimetres above the dish. The 
heater is energized from a constant voltage source, and initially is sufficiently 
hot to keep the liquid molten. 

The current through the heater is slowly diminished to zero over a period 
of about 2 days by the device of including a liquid resistance in series, and 
allowing this liquid to drip away steadily. The isothermal planes consequently 
slowly rise through the liquid, and solidification takes place steadily. The 
solid mass which results usually contains four or five single crystals of 10 to 
20 cm.® volume. 

Limitations of the Stober Method 

Since the temperature gradient has to be maintained throughout the whole 
depth of the melt this places a limit on the thickness of the crystals of any 
one substance which can be grown by this process. The temperature of the 
highest point of the melt will be limited by the boiling point of the liquid or 
possibly by a value at which decomposition occurs. The temperature of the 
lowest point of the melt will, at the beginning of crystallization, be at the 
freezing point. For a particular substance there will be a minimum temperature 
gradient, which must be exceeded if satisfactory crystals are to be grown. These 
three factors clearly place a limiting value on the linear distance between the 
highest and lowest points of the melt and therefore on the thickness of the 
finished crystal. 

The finished crystal has to be cooled down to room temperature in the same 
vessel in which it has grown ; for this reason the vessel should be thin and thus 
enable the cooling crystal to alter its shape as it contracts. Too strong a vessel 
will cause the crystal to fracture on cooling owing to the internal strain set up. 

Test for Uniqueness of a Cubic Crystal 

Prof. Mollwo, in Prof. Pohl’s laboratory, showed us a useful test to decide 
whether an uncut crystal is or is not single. The mass is held in the hand 
so that light is reflected into the eye from the cylindrical surface. The cylinder 
is rotated about its axis and, if the crystal is single, it will be found that the 
reflected light waxes and wanes four times in a revolution. The brightest 
reflections occur when the eye is directed towards a part of the cylinder surface 
approximately parallel to the cube surface of the seed crystal, and the dullest 
when the light is being scattered off the “ corners '' of the cubes which make 
up the crystal. With practice, one can follow these places of maximum bright- 
ness down the length of the crystal, and observe if they lie on directions straight 
and parallel to the axis. The test applies in the above form, when (as is usual) 
the seed has one cubic axis vertical. 

Appendix. Since writing this paper, some interesting facts have come to 
Ught concerning work in this country on infra-red materials, for which we are 
indebted to Prof. R. V. Jones of Aberdeen. 

Windows of rolled silver chloride, and one of silver bromide, were made for 
Sir James Dewar by Hilgers in 1919, and they were mentioned by him in ^ 
discourse given to the Royal Institution in January, 1920. It seems probable 
that the discovery of the interesting transmission of silver chloride in the infra-red 
is to be ascribed to Dewar. 


* Rousset and Lochet, J. Physique, ig^2, 3, 146. 
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Crystals of silver chloride and silver bromide of about one half-pound in 
weight were grown ^ Jones in Oxford in 1937, using the Kyropoulos method. 
Crystals of the alkali halides have been grown by him recently, using a stainless- 
steel cooler. He finds that a crystal of an alkali halide grown from the melt 
appears to cleave as a single crystal, but close examination of a cleaved surface 
reveals a number of spindle-shaped sub-crystals which are not exactly orientated 
alike, but have the long directions of the spindles approximately along the 
direction of growth. He is attempting to improve the singleness of crystals 
grown from seeds, by fitting the seed in the chuck with its previous direction of 
growth horizontal, so that the surface projecting into the melt, on which the 
growth will take place, exposes the spindles sideways instead of end-on. 

He has grown crystals of sodium nitrate and naphthalene, and is planning to 
grow the fluorides of lithium and calcium. 

Hilger & Watts Limited, 

98 St. Pancras Way, 

Camden Road, London, N.W.n. 


GROWING SINGLE CRYSTALS FROM SOLUTION 
By a. N. Holden 
Received yth February, 1949 

Both because of the rich diversity of phenomena attending crystal growth, 
and because those who grow crystals usually do so to obtain the crystals 
rather than to study the process, crystal growing remains more an art than 
a science. The apparatus and procedures described here have formed over 
some six years a fairly satisfactory basis for the practice of the art in our 
own and a few other laboratories, when modified to accord with the afore- 
mentioned diversity, and it may be hoped that they might provide a tool 
for investigating some aspects of crystal growth more exactly. They have 
been applied most widely to the laboratory production of ionic crystals from 
aqueous solution for studies of their elastic, dielectric, and piezoelectric 
properties. 

When, as customarily, the solubility of the salt to be crystallized increases 
with temperature, it is more satisfactory, because more readily controllable, 
to grow crystals by slowly cooling the solution than by evaporating it. 
What rate of cooling is suitable varies, of course, with the ratio of growing 
area to volume of solution, the temperature coefficient of solubility, and the 
tolerable unflawed growth rate of the material. Rough rules to guide 
a preliminary experiment are (i) salts with solubiUties in the range 20 to 
50 weight- % (or about 5 to 10 mole-%) will tolerate a linear advance 
of the fastest growing faces of 0*05" to 0‘io" per day (or about 100 to 200 
molecular layers per second), and (2) the lower the solubihty, the lower the 
tolerable rate. 

“ Tolerable growth rate means the rate above which veils " — threadlike 
inclusions of mother liquor — begin to be included in the growing crystal. 
Veils appear usually to be consequences of inequalities of supersaturation 
of the mother liquor over various areas of a single face, arising from differ- 
ences in the readiness of replacement by fresh solution of exhausted solution 
next to the growing face, differences which increase as the face gets larger. 
Hence the mother liquor must be forcibly circulated over the growing faces 
in order to obtain practical growth rates on large crystals. 
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Here enters the limitation that crystal growing deals, for several weeks 
continuously, with a thermodynamically unstable system, tending to deposit 
crystal nuclei spontaneously, the more readily the more it is agitated. Any 
circulating system should, therefore, be one in which the maximum disturb- 
ance occurs where it will do some good, at the crystal surfaces, and this 
is most simply achieved by moving the crystals through the otherwise 
unagitated solution. The whole system should be mechanically and hydro- 
dynamically as simple as possible, avoiding cracks and ledges and dead " 
spots where spurious crystals can become inconvenient. At best it should 
afford some means of destroying the spurious crystals. 

The '' reciprocating rotary crystallizer," embodying these considerations, 
has been most successful as a laboratory tool * in the following form. A 
cylindrical jar of Pyrex glass, a foot in diameter and a foot-and-a-half high, 
acts as container for about 24 1. of mother liquor and as its own thermostat. 
It sits on an enclosed annular air space about an inch deep containing 
unsheathed Nichrome-coil heating elements. One set of coils, below the 
centre of the jar, continuously dissipates 30 W. Another coil, beneath the 
periphery of the jar, dissipates 100 W under control of a heavy-duty relay 
and a thermal regulator of the sealed-contact mercury-in-glass type. 

The lid of the jar (of stainless steel, or of cold-rolled steel with Y 
sheet rubber cemented to the under side to retard rusting) is drilled in 
the centre to clear a shaft which carries and moves the crystds. Commonly 
the shaft is of i'" polymethyl methacrylate rod, 15'" long, turned down 
to Y for inch projecting through the lid, and the crystals are supported 
on spoke-like cross-arms of stainless steel rod, carried in tightly fitting 
holes drilled in the shaft, and projecting about 3"" from it. The lid is also 
drilled to take rubber stoppers, one carrying a thermometer, and another the 
thermal regulator, if it is adjustable, or a test-tube in which a fixed thermal 
regulator will loosely fit so that it can be removed for resetting without 
exposing the solution to dust from outside, and in which a little water or oil 
improves thermal contact between regulator and solution. 

The crystals are carried through the solution at the ends of the cross-arms 
by rotating the central rod at rates of from 15 to 30 rev./min., depending 
on the viscosity of the solution and its stability to supersaturation. If 
spurious crystals are formed, they find their way to the bottom of the jar 
and are carried to the centre of the bottom by the vortical motion of the 
solution. That section of the bottom is slightly warmer than the bulk of 
the solution, because of the continuous heater beneath it, and the spurious 
crystals are either dissolved or much slowed in growth. 

Unless the direction of rotation of the shaft is reversed at least once 
a minute, the solution rotates with the crystals and relative motion declines, 
and the crystals show veils on the " wake " side, evidencing dead spots. 
Midget motors, reversed by relays controlled by clock motors through 
cams operating micro-switches, afford elegant driving units of the required 
type. Simpler, and adapted to driving several crystallizing units, is belting 
from pulleys on a jack shaft driven as follows. A continuous motor turns, 
through reducing gear, a crank at the rate of about 4 rev./min., from which 
a crank shaft drives a large bicycle sprocket, rotating it about one-third 
revolution forwards and back. From this sprocket a roller chain drives a small 
sprocket on the jack shaft, one-third revolution of the former providing 
three revolutions of the latter. 

* Pilot-plant adaptations for 300-I. capacity by Dr. A, C. Walker, and manufacturing 
equipment designed by the Western Electric Company with Dr. Walker’s assistance, 
will not be described here. Both are designed for growth at constant temperature and 
continuous resaturation at a higher temperature. 
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Commonly it is satisfactory to approximate the desired continuously 
declining temperature by setting fixed regulators in decrements of o*2® C, 
and sometimes decrements as large as 0-5° C are tolerable. The temperature 
** hunting fluctuation never exceeds ± 0*05° C. In ordinary laboratory 
ambients, the apparatus is conveniently operable up to about 50® C. At 
temperatures above 40° C a jacket of felt may be placed around the 
jar if the ambient is subject to large fluctuations ; the jacket does not 
extend above the level of the liquid, since it is advisable that condensation 
continually take place on the walls, washing them down. At tempera- 
tures above about 55° C complications enter from evaporation, crusting at 
a meniscus, and the like, unless the shaft enters through a liquid seal and all 
other joints are tight. 

The most suitable seeding technique varies with size and substance. 
In initial work, when only small crystals are available, it is suitable to force 
over the supporting spoke a snugly fitting length of plastic tubing, of the 
type used for electrical insulation, with about projecting from the end 
of the spoke, and then to force a small seed crystal into the hollow section 
so that it is firmly held but projects slightly. When larger seeds are available, 
they may be drilled with two blind holes, diam. and apart for example, 
and two correspondingly spaced spokes may be used to support the crystals 
by first inserting the tubing into the holes and then forcing the spokes 
into the tubing. Crystals can usually be drilled with ordinary twist drills 
rotated at high speed and applied with very small pressure, and with a strong 
air blast directed down the drill. The use of the tubing provides a snug 
resilient mount ; but, more importantly, makes it possible to harvest the 
crystals without breaking them, by first withdrawing the spokes and then 
permitting the tubing to collapse and slide out of the holes. 

In general, any fragment of crystal is a possible seed, but commonly 
one showing only natural faces is best. In many cases of materials which 
grow in prisms terminated by pyramids, however, plates with their major 
surfaces normal to the prism axis make excellent seeds. In the initial stages 
of growth the plate becomes ‘‘ capped relatively rapidly with pyramids 
which grow fastest from the edges of the plate, and which when completed 
enclose a pyramidal volume of mother liquor and thereafter advance cleanly. 
This technique becomes of importance when growth rates are so much 
higher along than across the prism axis that the length outruns the equipment 
before the girth is sufficient for the intended use. Successive operations using 
successively larger plates may then avail. 

In planting the seeds, they must be brought to the planting temperature 
in an air thermostat so that they will not crack, as can conveniently be done 
by placing the seed-spoke-rod-lid assembly in a P3n'ex glass cylinder, like 
the jars but bottomless, placed over one of the heater-relay units. Planting 
must always be done in unsaturated solutions, to dissolve dust of the material 
inevitably introduced. Suitable technique is to warm the solution to about 
2® C above the saturation temperature, quickly to transfer the seed assembly 
from the air thermostat to the jar and start it turning, and to cool the 
solution to the growing temperature, about 0-2° C below saturation, over one 
to three hours, depending on the size of the seeds and the velocity of dissolu- 
tion : a time sufficient to ensure solution of spurious solid and insufficient 
to loosen the seeds from their mounts. In harvesting the crystals it is safest 
to syphon out the solution, leaving the crystals to cool slowly in the moist, 
warm, felt-wrapped jar overnight. 

Clearly dust and chips of the material to be crystallized, or of materials 
isomorphous with it, inust be avoided, but it is less clear that miscellaneous 
dust forms crystallization nuclei in a supersaturated solution. In practice, 
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however, such dust may wipe and abrade nuclei from a growing crystal, 
and hence is kept to the ordinary level of chemical operations, as for example 
by suction filtration through a “ filter aid " in a Buchner funnel. 

When the scale of the apparatus is reduced to 4-I, capacity, using jars 
S'' diam. and a foot high, it becomes of especial importance to design the 
heater base so that it has low heat capacity, in order to minimize temperature 
fluctuations. The higher meniscus-to-volume ratio makes it necessary also 
to take greater precaution at all temperatures against evaporation leaks. 

The principles on which the apparatus described is based have been 
successfully embodied in a modification of the 4-I. apparatus for growing 
crystals of materials whose solubilities decrease with increasing temperature. 
The jar stands on three short legs in a shallow metal pan of water, with 
a constant-level attachment, so that the bottom of the jar is immersed to 
a depth of about and is thus cooled. The heat input is distributed around 
a central zone by a fine Nichrome-wire winding on the jar, covered on the 
outside with felt. The crystals are grown in the zone immediately above the 
heated zone, and the temperature is, of course, progressively raised. 

Bell Telephone Laboratories, 

Murray Hill, N.J., 

U.S.A. 


THE GROWTH OF LARGE CRYSTALS OF AMMONIUM 
DIHYDROGEN PHOSPHATE AND LITHIUM SULPHATE 

By a. E. Robinson 
Received 8 th February, 1949 

The work discussed in this paper is concerned with the growing of large 
single crystals of ammonium dihydrogen phosphate (ADP) and lithium 
sulphate. Both of these materials are water-soluble and the methods 
employed for their growth are based upon deposition from saturated 
solution. 

The crystal as finally grown in its final form has to furnish a number of 
plate elements for piezoelectric purposes, and these elements, in addition 
to being cut in specific direction in relation to the crystal axis, must be of 
certain minimum dimensions. To be acceptable therefore the crystal should 
not only be large ; it should also be well-proportioned. 

Modification of Crystal Habits. To secure these well-proportioned 
cryst^s often calls for special measures of adjustment and control of the 
growing operations. Crystals growing under completely unregulated con- 
ditions from a solution of the “ pure " substance are apt to show preferential 
growth along one axis, and measures must therefore be devised to modify 
this tendency. It has been found, for example, that in the case of the long 
tetragonal crystals of ADP there is necessity in the first stage to encourage 
early growth along the ^r-axis and this can be effected by increasing the 
pH of the solution by addition of the di-ammonium salt. In the case ^ 
lUhium sulphate the flat monoclinic crystals require, in the first stage, to 
be encouraged to make increased growth along both and z-axes. Here the 
means employed is to lower the pH of the solution by addition of H2SO4. 
In both cases the required girth of the crystal once established can be main- 
tained during succeeding development by a correct choice of conditions. 
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Ammonium Dihydrogen Phosphate Crystals 

General Outlines of the Process. ADP crystals are grown by immersing 
crystal seeds in a saturated solution of the material and then cooling the solution 
in a carefully controlled manner with some stirring. The seeds are flat plates 
cut from a fully grown crystal. The growth is conveniently carried out in two 
stages. The first stage (known as “ capping ”) develops the natural pyramidal 
ends on the flat plates. This growth is attained by cooling a saturated solution 
from 35^-28° C over a period of 8 to 10 days. The second stage (known as 
“ bar growing ”) continues the growth in the lengthwise direction and requires 
a cooling period of 4 to 5 weeks during which the saturated solution is cooled 
from 50° C to room temperature. The normal ADP bar has a total length of 
8 to 10 in. and a square section approximately of if in. edge. This cross-section 
is of optimum dimensions for the present requirements. When crystals of this 
cross-section are available for seed cutting, further growth on the prism faces is 
inhibited by the addition of traces of iron to the growing solution. 

Process Details. The crystal-growing process consists in immersing seeds 
in a saturated solution which is then slowly cooled and it may be conveniently 
studied by considering the stages in detail. 

(a) Seeds. Any slices cut normal to the ^- axis of a crystal may be used as 
seeds provided the faces normal to the A-axis are intact ; the end pyramids 
and slices cut almost up to the original seed may be used. A cut slice is about 
J- in. thick and in it holes are drilled to take two stainless steel pins to support 
the seed in a vertical position on the frame which fits the bottom of the 
growing tank. 

(b) Solution Preparation 

(i) “ Capping ” Solution. About no 1 . of solution saturated at 35° C approx- 
imately are prepared by dissolving 47 kg. of commercial ammonium dihydrogen 
phosphate (for typical analysis see footnote (a)) in 95 1. of distilled water, con- 
ductivity about 9 megohm. 

(ii) Bar Growing Solution. About no 1 . (or double this quantity if the double 
tank unit is used) of solution saturated at 50° C approximately are prepared by 
dissolving 62 kg. of ADP in 90 1 . of water. To this solution, how'ever, iron is 
added as inhibitor in the proportion of o*o6 g./l. (see footnote (i>)). The approx- 
imate saturation temperature is checked by determining the specific gravity of 
the solution. These solutions are prepared in a 400 1 . “ dissolving ** tank, which 
carries a steam heating coil and high speed stirrer constructed throughout in 
F.D.P, stainless steel. Its capacity is sufficient for 2 full charges, with ample 
room for stirring. 

(iii) Filtering. Filtration is carried out by means of a Metafilter, Type P.S.2, 
size 2, through a prepared bed of Metasil A. The solution is pumped through 
the filter and returned to the dissolving tank until the filtrate is quite clear 
and bright when examined by a strong light beam. The clear filtrate is pumped 
into the intermediate tank. In this tank the solution is slowly cooled to the 
saturation temperature as found by specific gravity, and thereafter the precise 
saturation temperature is determined by testing with a small seed ; erosion of 
the seed edges or evidence of growth on the faces will be seen after immersion 
of the seed for 4 hr. in a solution which is over 0-05° C above or below the 
saturation point. The solution temperature is then raised 0*5® C above saturation 
point to allow for cooling during transfer and also to dissolve any crystal debris 
on the seeds when delivered to the growing tank. 

(^) Typical Analysis : — ADP, clean white crystals ; volatile matter (100° C) o*oi % ; 
insoluble in water o*oi % ; chloride (as Cl') 0*002 % ; sulphate (as 804^) < 0*0005 % » 
nitrate (as NO3') < 0*001 % ; iron (as Fe) 0*0018 % ; other metals <0*01 % ; pH 
1*0 M solution, ^^*1. 

(6) The optimum cross-section of crystal bars for making units is about and once 
this has been attained growth along the i'-axis only is required. The presence of Fe, 
A 1 or Cr tends to inhibit cross-sectional growth, and the amount added is somewhat 
critical within i 25 % ; too little will allow the bar to fatten ; too much will cause 
it to taper until growth almost ceases. 
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(iv) ” Capping.'' The capping unit consists of a stainless steel tank 
4' X 2' X i' deep enclosed in a mild steel tank. A heating element is mounted 
between the bottoms of the 2 tanks and this is controlled by a resistance and a 
motor-driven contact thermometer for a thermostat fitted in the solution tank. 
A removable carrier constructed of Perspex strips on a stainless steel frame 
covers the bottom of the solution tank. This frame mounts 76 seeds. The whole 
unit is mounted in bearings in a rigid frame, and rocking motion imparted to 
it by means of a i h.p. motor through a Croft's 140 to i reduction gear, producing 
II complete rocking cycles per minute with a movement through an arc of 20° 
(i.e. 10® each side of the horizontal). The seeds mounted on the frame are slowly 
heated (for about 24 hr.) to the solution temperature, and when this is correctly 
adjusted the solution is run in from the intermediate tank. 

The solution is maintained slightly above saturation point for 24 hr. to clear 
completely any undissolved salt. Then the cooling programme operates starting 
with a reduction in temperature of 0*25° C over the first 24 hr. followed by 
a 24-hr. period of 0*50 C and thereafter the maximum cooling of i-o^ C per day is 
carried on. In all, a cooling range of about 7° C is allowed (from 35° to 28° C 
taking about 8 days) and is designed to allow the pyramidal ends to be developed 
and then enclosed completely in J in. layer of clear growth. 

(v) Bar Growing. Bar growing is carried out in a 2-tier rocking tank unit 
which, with its driving mechanism, is housed in a “ hot room. The 2 stainless 
steel tanks and their mechanical operation is similar to the capping unit, only 
the method of controlling the temperature differs, in this case the surroundings 
of the unit, i.e., the whole room is temperature-controlled. The room is con- 
structed so that one end is closed by means of heavy insulated doors which 
give full access to the room for loading and unloading tanks and entrance or 
removal of any gear. When the room is in operation these doors are permanently 
closed, and access to the room is by means of an air lock. The room is lit by 
fluorescent tube lights and the double windows in one wall permit observation 
at any time. All the controls are brought to the outside of the room and there 
are automatic recorders of both air and solution temperature. 

The procedure is exactly the same as that for capping, with the substitution of 
** capped ” seeds for seeds and the extension of the cooling range to about 25° C 
(i.e., from 50° C to normal). 

Lithium Sulphate Crystals 

General Outlines of the Process. The monohydrate Li*S04H2O has a 
small negative temperature coefficient of solubility which precludes the method 
of growing crystals by slowly cooling (or heating) the saturated solution. The 
method used is that of maintaining the solution at a fixed temperature and 
permitting a controlled rate of evaporation of water from the solution. The 
development of the process has not yet reached full scale and is at present being 
carried out in large-scale laboratory ware. 

Skeds. Slices are cut parallel to the main growing faces {Q faces) about 
J in thick and they are drilled for mounting on stainless steel wires. 

Solution Preparation. Commercial salt is purified by rccrystallization 
from boiling solution acidified with sulphuric acid. After recry stallization the 
salt is dissolved in cold water and filtered. Before use the pH is adjusted (usually 
to pH 6) and its saturation point adjusted by reference to its specific gravity. 

Crystal Growing. The seeds are mounted on stainless steel wires (sleeved 
with ])olythene tubing) which form radial arms of a crystal holder. The holder 
is gripped in a chuck which is carried in bearings and fitted with a drive which 
can be rotated with a reversing motion. The rotation is about 25 rev. /min., 
the direction being reversed every second revolution. 

Ihe growing vessel is a 35-I. Pyrex vessel with cover. The general arrangement 
of the vessel with its heating jacket is shown in Fig. la. The manner in which 
water is withdrawn from the system is shown in Fig. i b. The cover acts as an 
air-cooled reflux condenser and the condensed vapour is collected in a copper 
water collector. Water is withdrawn from this collector to correspond with 
growing rates known from experience. The excess condensed water overflows 
the rim of the collector and falls on to the surface of the solution and so forms a 
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thin layer of cooled, unsaturated solution which tends to prevent surface crys- 
tallization which is apt to be so troublesome in this work. The surrounding water 
jacket is maintained at constant temperature by means of an immersion heater 
^d Sunvic controller. The growing temperature is So^-Ss*" C. 

The vessel is filled with cold solution and the mounted seeds immersed. Assem- 
bly of the unit is completed and the temperature of the vessel raised as quickly 
as possible by means of the heating jacket, taking about 7 to 8 hr. This period 
at unsaturated condition completely clears the system of undissolved salt arising 
from crystal debris. At the end of the growing period, which is about four weeks 
for a 3- to 4-in. crystal, the solution is syphoned out and the vessel slowly cooled 
(at a rate of to 2° C per hour) by means of a motor-operated Sunvic controller. 

Crystal Habit. The habit of the lithium sulphate crystal is considerably 
affected by the pH of the growing solutions. To obtain crystals of suitable girth, 
growth at pH 4 to 5 is necessary. When the necessary girth is obtained, length- 
wise growth is encouraged by higher pHs, say 6 to 7. 

General Comments on Growing Crystals. Temperature Control. It 
will be appreciated that temperature control over considerable periods (4 to 5 
weeks) is critical, and failure is one of the main causes of flaws in crystals. 

Flaws in Crystal Growth, (i) Ammonium dihydrogen phosphate. The 
only flaws experienced in ADP crystals are veils (thin layers of disordered growth) 
parallel to the pyramid faces. These can arise, of course, by failure of the tem- 
peiature control but there is a possibility of their infrequent occurrence when 
the temperature control is not suspect. Possible causes are unequal circulation 
of solution around growing crystals and chance deposition or adsorption of 
impurities on the advancing faces. External disturbances, e.g., vibration, cannot 
be overlooked. 

(ii) Lithium sulphate. Three types of flaws have been experienced in lithium 
sulphate crystals : (a) the crystal is optically imperfect throughout. Crystals of 
this type show much faster growth (3 times that of the sound crystal); (6) growth 
is considerably or even completely inhibited at one polar end of a crystal; 
(r) cracks in the crystal, usually along cleavage planes, but often rather irregular. 
The cracks may occur during growth, but cases occur when an apparently sound 
crystal cracks during storage 1-15 days after growing and cooling. 

All these effects are considered to be due, in some degree, to adsorption of 
impurities originally present in the growing solution. Some work on this problem 
is in progress. Some evidence has been accumulated to show that flaw type (c) 
is due to the growth of one habit being superimposed on another habit. E.g., 
change of pH is known to change habit ; seeds grown at one pH and then grown 
in solution of another pH frequently show this type of cracking. 

Royal Naval Scientific Service, 


CONTROLLED GROWTH INHIBITION IN LARGE-SCALE 
CRYSTAL GROWTH 

By Hans Jaffe and Bengt R, F. Kjellgren 
Received zist February, 1949 

The piezoelectric properties of ammonium dihydrogen phosphate (ADP) 
as recognized about 1941 made these crystals highly suitable material for* 
certain types of electro-mechanical transducers. We were faced with the 
problem of producing these crystals in quantities of thousands of pounds 
within a few months after conclusion of our laboratory-scale experiments. 
One phase of this work was based on the realization that impurities first 
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regarded as a severe impediment for crystal growth were beneficial if properly 
controlled.^ The present paper deals with this occurrence. 

Crystals of ammonium dihydrogen phosphate, as well as the isomorphous 
phosphates and arsenates, almost invariably show a very simple habit, 
the combination of a tetragonal prism and tetragonal bipyramid. Notable 
variations occur, however, in the relative development of these two forms 
and hence in the shape of the crystals which may vary from stubby to 
acicular. In the latter type, a tapering of the prism faces is frequently noted ; 
the pyramid faces may thus be entirely suppressed. It had been noted 
that the stubby habit is favoured in less acid solutions.^ 

When the project of ADP crystal growth was transferred from the labora- 
tory to plant scale, we soon found that the tendency of crystals to grow in 
elongated shape and to develop tapering prism faces became more pronounced 
as the solutions aged. This effect was readily traced to contamination by 
iron from the pumping system used in transferring the crystallizing solutions. 
Similar but more extreme development of tapering with almost complete 
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Fig. I. 

suppression of the prism faces was noted in an experiment where a small 
amount of chromium was added to an ADP solution. Fig. i a and i b show, 
respectively, a crystal grown from a pure solution and a crystal grown from 
a solution containing chromium. Similar crystal seeds and analogous tem- 
perature conditions were chosen for both crystals. The chromium had been 
added in the form of the bichromate ion and was present primarily as such 
in the solution at the end of the run. However, there was a beautiful deep 
green coloration of the crystal, indicated by shading in Fig. i b, due to 
trivalent chromium obtained by reduction caused by some organic cements 
in the crystal-growing tray. Study of the discoloured crystal shows that the 
green colour is essentially limited to those parts of the crystal which grew by 
deposition on the prism faces. The sharp boundary between the coloured 
and uncoloured part of the crystal is the locus of the successive positions of 
the edges between prism and pyramid. Frequently it is observed that the 
colour is more pronounced along this locus than farther out in the material 

1 Kjellgren and Jaffe, U,S. Pat. 2,452,576 (1948). 

• Busch, Helv, physic. Ada, 1938, n, 273. 
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deposited on the prism faces. This indicates that the trivalent chromium 
ion and similarly the trivalent ferric ion is adsorbed preferentially at the 
edges between the prism and pyramid faces. It was later found that the 
trivalent aluminium ion has the same effect. The influence of the three ions 
declines in the series chromium-iron-aluminium. We are inclined to believe 
that most of the known influence of acidity on habit of ADP and possibly 
potassium dihydrogen phosphate is due to the varying activity of these 
trivalent ions as a function of acidity. If the pH exceeds about 4-5 these 
metals will be precipitated as their phosphates. 

When iron was recognized as the factor responsible for the gradual change 
of growing conditions in our solutions at the crystal plant, steps were taken 
to eliminate this contamination, but soon unexpected difficulties arose. The 
practice of crystal growth involved the cutting of seed plates perpendicular 
to the optic axis having a cross-section almost as large as the desired crystal. 
When we switched to solutions thoroughly freed of iron, so much lateral 
growth of the crystals occurred that their length development was. less than 
desired ; variability of shape was a hindrance for cutting operations. One 
of us (B.R.F.K.) therefore introduced the practice of maintaining a known 
small concentration of iron such as o*i g./l. in order to have a predictable 
growth character. It was soon found that this addition not only produced 
the desired limitation of lateral growth, but also permitted a much faster 
growth on the pyramid faces than could previously be obtained. Further 
experiments with all three named trivalent ions showed that this increase 
of growing rate on the pyramid faces was due to higher oversaturations 
maintainable in the crystallizing solutions when these ions had been added. 
Addition of iron in the amount mentioned raises the rate of undercooling 
that can be maintained in ADP solutions without excessive demands on 
exclusion of dust, etc,, from around one or two degrees centigrade to about 
twice that value. One centigrade undercooling corresponds to 7*5 g./l. excess 
ADP salt. More extreme conditions prevail with potassium dihydrogen 
phosphate solution containing chromium where we could maintain an 
oversaturation corresponding to a differential in saturation temperature of 
12° C in the presence of a crystal seed. With this combination of potassium 
dihydrogen phosphate and chromium ion, inhibition unfortunately affects 
growth on the pyramid faces as well as the prism faces and is therefore of 
doubtful value. 

The following picture of the cause underlying this increased range of over- 
saturation is proposed : any microscopic crystal nucleus forming in the 
solution will at once act as a centre of attraction for the trivalent ions present 
which will block growth of the nucleus in directions perpendicular to the 
optic axis. The nucleus thus prevented from expanding in cross-section will 
be subject to dissolution by the statistical fluctuations in the solution unless 
the oversaturation is increased well above the limit of stability for pure 
solutions. On the basis of this picture we can expand the principle of increased 
crystallization speed by selective growth inhibition to other crystal types 
and other growth inhibitors. In order to benefit from growth inhibitors, it 
is necessary that there be sets of faces on the crystal which are subject to 
different growth inhibiting action by the chosen inhibitor. The set of most 
strongly inhibited faces must satisfy certain conditions. On the one hand, it 
must not be a closed crystallographic form or closed combination of forms, 
as such a set of faces would soon surround the whole growing crystal and , 
inhibit all growth, as mentioned with potassium dihydrogen phosphate and 
chromium. Thus, the method is not applicable to cubic crystals because all 
forms in the cubic system are closed. On the other hand, the set of inhibited 
faces must be sufficient to prevent growth of a nucleus into a three-dimen- 
sionally extended body. Inhibition on only a positive pyramid in a crystal 

L 
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of one of the pyramidal (polar) symmetries would, for instance, not be 
sufficient. 

The minimum useful set consists of two parallel faces, such as a pinacoid ; 
this will restrict growth to two dimensions. A practical example of this 
case is lithium sulphate monohydrate which is known to grow freely in all 
directions from an acid solution but shows tabular habit if grown from a 
neutral or alkaline solution. We have verified that the oversaturation obtain- 
able in the neutral and alkaline solutions of lithium sulphate is higher than 
in acid solutions. The other principal useful case is inhibition on a set of 
faces forming a closed zone, permitting unrestricted growth in one dimension 
only, as exemplified by ADP with iron. 

In order to make practical use of the increased speed of growth in selected 
directions by adding inhibitors for growth in other directions it is necessary, 
of course, to provide a seed which has satisfactory dimensions in those 
directions along which further extension of the crystal is limited by the 
inhibitor. Large-scale growth of such crystals therefore divides itself into 
two steps. The first is the provision of satisfactory seed crystal material 
grown in the absence of the inhibitor. The second is the growth of large 
crystals in the inhibited solution from plates or blocks cut from the seed 
crystal such as to show large extension in the directions of inhibition. 

No molecular picture for the adsorption of the trivalent ions of chromium, 
iron and aluminium on the primary phosphate crystals has been formed. 
It is suggested that this adsorption is related to the low solubility of the 
phosphates of these metals even in moderately acid solution. 

There are two other ions whose presence in ammonium dihydrogen 
phosphate solutions has an important effect on the properties of the crystals 
grown.® These are the bivalent barium and sulphate ions. The former 
produces some growth inhibition on the prism faces, but the outstanding 
effect of both ions is a tremendous increase of the electric conductivity of 
the crystal. At 25® C, the resistivity of an ADP crystal grown from the 
purest solution we could obtain (about i part sulphate ion per 100,000 parts 
phosphate ion) is near 30,000 megohms cm. ; a solution of a typical grade 
of technical ammonium dihydrogen phosphate containing one part sulphate 
per 1000 parts phosphate is 2000 megohms cm. ; and the resistivity of a 
crystal grown from a solution containing 5 % sulphate is 100 megohms cm. 
The same increase in conductivity is produced by about half the corre- 
sponding molar amounts of barium. The actual concentration of sulphate 
ion in the crystal is found to be one-tenth of that in the crystal growing 
solution if it is near two parts sulphate per 10,000 parts phosphate in the 
latter. The ratio, (sulphate in crystal)/ (sulphate in solution), decreases with 
increasing sulphate concentration. 

As precipitation of barium sulphate from ADP solutions is incomplete 
special methods were needed for sulphate analysis. These were developed 
by The Bell Telephone Laboratories where also detailed studies of ADP 
crystal resistivity against temperature were made.^ 

The free entry of the sulphate and barium ions into the ADP lattice is- 
explained by agreement of their radii with those of the PO7 and NHJ 
groups respectively. The differences in valency must be compensated by a 
deficiency of hydrogen ions. The conductivity introduced by these impurities 
may be interpreted as * ** proton hole ” conduction. 

The Brush Development Company, 

Cleveland 14, 

Ohio, 


* Jaffe, U.S. Pat. 2,449,484 (1948). 

* Murphy, Physic. Rev., 1945, 68 , 1283. 



HYDROTHERMAL SYNTHESIS OF MINERALS 

By Jean Wyart 
Received loth March, 1949 

Some mineralogists and petrographers think that water plays an essential 
role in the genesis of minerals and rocks. It is this role which I am trying 
to determine by making hydrothermal syntheses. 

Experimental 

Two types of autoclaves are used here : — 

(i) Small ones (internal volume 20 cm.*, 15 cm. long and 4 cm. diam.) 
made of special steel, which can withstand a pressure of 700 kg. /cm.* at 
500° C. They arc closed with a Bridgman joint. Five of such autoclaves 
can be placed in the same electrical oven, thus allowing a more rapid study 
of the influence of one parameter, e.g,, the proportion of a component in the 
initial mixture, at a known temperature. Unfortunately the pressure cannot 
be measured directly ; it is calculated from a knowledge of the quantity of 
water added at the beginning of the experiment and of the free volume of 
the vapour. 

(ii) A bigger autoclave (internal volume 500 cm^®) which withstands a 
pressure of 400 kg./cm. at 500° C. The pressure is measured on a manometer 
but the temperature is not known with accuracy because the head of the 
autoclave is outside the oven. 

Usually, a silver laboratory tube of internal volume 100 cm.® is used with 
this autoclave. It is hung in the autoclave and heated by the water vapour. 
From the cover of the silver tube a crucible is suspended. The action of the 
liquid and that of the vapour can therefore be studied separately. 

The Function of the Supercritical ” Water Vapour. Vitreous 
silica powder is placed in the silver tube with pure water, sufficient in quantity 
for the vapour to remain saturated up to the critical temperature. 

Silica does not crystallize if the temperature is less than 374° (± 5°) C, 
which is the critical temperature. Above this temperature, the vitreous 
silica changes to cristobalite. The latter does not undergo any transformation 
under the action of the pure water vapour alone at 500° for eight days. In 
the same conditions tridymite crystallizes to quartz. It seems that, at this 
temperature, cristobalite is more stable than tridymite. 

Let us suppose that instead of pure water a dilute potash solution 
(i/ioo molc/1.) is used. The silica is placed in the crucible at the top of the 
silver tube so that it is submitted only to the action of the vapour. As long 
as the temperature is below 370^^, the amorphous silica does not crystallize 
as in the previous experiment. But if the temperature exceeds the critical 
temperature, the water vapour rapidly transfoims the silica first to cristo- 
balite, ^d then to quartz. It is evident that there is a dissolution of potash 
in the supercritical vapour and a change in the chemical properties of 
the water vapour above the critical point. < 

This vapour can dissolve metals so that the synthetic product can be 
considerably influenced by the walls of the tube. Thus, in an experiment 
using shghtly '' potassified ” water vapour at 490° under 580 kg./cm.*, 
beautiful copper octahedrons were found. The silver tube in fact contained 
a little copper which by diffusion was dissolved in the vapour. 
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Mechanism of the G^stallization of Silica. Micrographs show 
clearly that the ciystallization of the silica glass begins at the surface and 
continues progressively into the interior. One can imagine that the molecules 
of silica, as they dissolve in the vapour, give to the neighbouring atoms of 
the solid an energy sufficient to enable them to reach a more stable equili- 
brium state, corresponding to cristobalite if the solvent power of the vapour 
is weak, or corresponding to quartz if it is stronger (i.e., with potassified '' 
water vapour). 

Principal Syntheses of Minerals. Repeating previous experiments 
of C. and G. Friedel who submitted white mica to a potash solution at 
500°, crystals of orthoclase KAlSigOg were obtained. These were about 
I mm. long and were recognizable by their shape, their optical properties 
and their X-ray patterns. At the same time there were produced hexagonal 
crystals in the form of hexagonal lamellae (00. i) and short prisms (lo.o) 
which C. and G. Friedel identified as nepheline, but which, in reality, were 
kalsilite KAlSi04. 

The KgO-AlgOg-SiOg system was studied in the presence of supercritical ” 
water at temperatures ranging from 380° to 500° C. The initial products 
were amorphous ; the amorphous silica and alumina were pulverized and 
were mixed and the potash was dissolved in the water. In this way fine 
crystals were rarely obtained, even in prolonged experiments (8 days) ; the 
final products can be identified by their X-ray patterns. 

By using a mixture of AI2O3 + zSiOg, one can very easily obtain kalsilite 
KAlSi04. With an excess of silica, this gives orthoclase KAlSigOg immedi- 
ately ; and in spite of numerous attempts, the intermediary product which 
is leucite KAlSigOg was never reproduced. When a potash solution reacts 
on amorphous alumina and an excess of silica, one obtains finally a mixture 
of orthoclase and quartz. 

Study of the System Na^Ki.* AlSi 04 . With Miss Mireille Michel- 
L 4 vy, the author has been studying the products resulting from a mixture 
of amorphous KgO, NagO, AlgOg, SiOg in the stoichiometric proportions 
corresponding to Na^^Ki^^t AlSi04. The experiments were made in the small 
autoclaves, the products being placed in copper tubes. When x is less than 
0*55, they obtained kalsilite from 360°. When x lies between 0*55 and 0*80 
at 380° nepheline appeared in hexagonal prisms, reaching i/io mm. in length, 
while at 360° they obtained cancrinite but not in a well-crystallized form. 

If we use pure soda, the nepheline does not crystallize at first. At 
temperatures of 360° to 420°, cancrinite is formed, whose parameters are : 
a — 12*65 ±0*02 A, c 5*15 ±0*02 A, with a small quantity of analcite. 
At 480® cubic crystals of the sodalite family appear with a — 9*02 A. 

If instead of stoichiometric proportions we use soda in excess, cancrinite 
and sodalite separates as well-developed crystals, the first in hexagonal 
prisms with the indices : ed = i'4^9^ == 1*492 ; the second with the 

forms (100) (no) and the index Hd = 1*478. Chemical analysis of the 
cancrinite corresponds to the formula : 

NaQ.g7Alo.89Sij1.22O4 (HgOo.gj, Na2C03 0.162)* 

Finally when one submits the cancrinite previously obtained to the action 
of a solution rich in soda at 500°, Na-nepheline is formed as fine crystalhne 
hexagonal prisms of length 0*5 mm. 


Laboratoire de Mincralogie, 
Sorhonne, Paris, 






THE SYNTHESIS OF CRYSTALS PRODUCED IN GASEOUS 
MEDIA BY DETONATION OF EXPLOSIVE MIXTURES 

By a. MiCHEL-LfivY 
Received 3is^ January, 1949 

It is of interest to recall how fruitful experiments on crystal synthesis 
of minerals produced in gaseous media by mixtures of finely ground products 
and explosives have been. Ing. Ge. H. Muraour and I have shown that a 
finely crystallized explosive such as Hexogene produces in argon by virtue 
of the shock waves an intense luminous phenomenon of short duration 
(about 4 X 10"® sec.) and pressures of about 50,000 kg./cm.® and tempera- 
tures of 30,000^^ C. The composition of the gases obtained from the 
Hexogene is : COg, 3*97 % I CO, 9*53 % ; HgO, 9-53 % ; H2, 3*97 % ; Ng, 13*5 %• 
When i to J by weight of finely ground powders of various constituents 
(e.g., silica glass, alumina, alkaline salts, etc. ; minerals, such as quartz, 
feldspars, pyroxene, olivine, etc. ; sugar carbon, diamond dust, powdered 
rocks, granite, kimberlite, etc.) are intimately mixed with the Hexogene, 
this luminosity is not affected in any important way. It can be assumed 
that these constituents, being in close contact with the explosive crystals, 
are also brought to these high pressures and temperatures during the 
detonation. 

On opening the steel bombs (20 cm. X 10 cm.) in which the first experi- 
ments were done, a light, transparent, gaseous ' cloud * was evolved, and 
a thin powder, consisting of tiny glassy spheres i to 20 microns in diameter, 
could be obtained from the internal wall of the bomb by brushing. Such 
clouds when confined in small vessels (5 cm.®) at a pressure of about 4000 
kg./cm.^ and between 400° and 700"" C, for 4 to 30 days, lead to the direct 
genesis of numerous minerals. To maintain the gaseous matter without 
loss under high pressures and high temperatures, steel blocks (150 mm. long 
and 80 mm. wide) were used (Fig. i, 2). Through the centre of these there 
was a cylindrical hole 12 mm. in diam. and 120 mm. in depth. A thread was 
cut inside the upper 30 mm. in order to take a fastening bolt. The close 
joint was secured by enclosing it in three tubes, the inner one being the 
experimental chamber. These tubes were closed at one end and arranged 
to be opposite each other ; they were driven into the hole of the bomb 
and a copper joint on a steel shoulder received the pressure strain of the 
bolt during fastening. The effect of the shock waves through the tubes 
produces a tightening of the joints. 

The steel bomb was filled and closed and placed in an electric furnace. 
The weight of Hexogene employed was 3 g., and that of the mixed powders 
0*8 g. To ensure detonation of the Hexogene before decomposition, when 
the steel bomb was placed in the already heated furnace, it was necessary 
to place, at the bottom of the charge, a few mg. of a priming explosive 
(metanitranilinc perchlorate) as a detonator. The detonation took place at 
^50*^ C, 5-10 min. after placing the bomb in the furnace. It has been 
possible not only to maintain a high temperature but also to anneal in steps ^ 
of decreasing temperature without any loss of pressure. Unfortunately all 
the different steels which were used became penneablc to the gases at about 
7io°~72o° and the pressure could not be maintained at higher temperatures. 
In recent experiments, however, an alloy containing 80 % Ni and 20 % Cr 
was used and we have succeeded in maintaining the pressure up to 850° C. 
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It proved impossible to open the bomb by unscrewing the bolt after a long 
firing and slow cooling, consequently a smaU hole was first carefully bored 
in the side of the bomb to enable the slow escape of the confined gases, 
thereby preventing accidents and also the dispersal of the newly produced 
minerals. The massive metal of the bomb was then sawn across near the 
upper or the lower part of the experimental chamber ; afterwards, by 
means of a lathe, one or two cm. lengths of the inner tubes were exposed. The 
end of the tubes was then cautiously cut. The new crystals were then easy 
to observe using a strong light under the microscope. Some porcellanic, 
partially vitreous coatings have sometimes been observed on the more or 
less corroded and fused surface of the metal. Thin sections of these have 
been prepared and they displayed numerous fibrous spherolites and ‘ micro- 
lites.' On these coatings or directly on the metal, often at the upper part 
of the experimental chamber, isolated or rosette-like aggregated crystals 
are produced and also bows of pyramidal quartz (0*25 to 1*5 mm.), of feldspars, 
orthoclase, albite, anorthite ; isolated crystals of orthoclase, well developed 
on the (no) face and about 200 microns in diameter, biotite lamellae, mag- 
netite and magnetic nickel crystals, etc. (Fig. 3-6). 

Fragments of diamond dust were corroded in the detonation and a white 
pumice deposited on the upper wall, but this disappeared after a fortnight ! 

The metallic wall of the experimental chamber, due to the impact of 
the shock waves, was always superficially fused and even gasified. For 
instance, copper was found in the form of extremely fine drops or as 
cristaux natifs even in the interior of the crystals ; and platinum was 
observed to have crystallized in a perfect cubic form. 

To this list can be added the crystal genesis of salts (carbonates, calcitc, 
smithsonite, cerusite, etc., and nitrates) which are obtained in the last phases 
of cooling. 

The genesis brought about in this way shows the importance of pneuma- 
tolysis in the formation of crystalline rocks. Whether we consider superficial 
phenomena at the birth of our planet, or more recent phenomena under- 
ground or in volcanoes, we can suppose that pneumatolysis has been an 
important factor. 


FACTORS GOVERNING THE GROWTH OF CRYSTALLINE 

SILICATES 

By R. M. Barker 
Received 20th December, 1948 

1. Introduction. Many silicates such as kaolin, bentonite, mica, quartz, 
vermiculite or asbestos have important uses in industry, as have S3mthetic 
minerals, including artificial gemstones, ultramarines, insulators, ceramic 
ferromagnetics and ceramic conductors of spinel type. Both natural and 
synthetic minerals now of academic interest only may in the future become 
industrially important. The present paper will outline synthetic methods — 
largely imitative of natural geochemical processes — ^which have been success- 
ful in growing crystalline silicates ; and will indicate some of the factors 
which appear to govern the nature of the crystals grown. Such studies have 
much to receive from and to give to mineralogy and geology. 

2. Methods of Growing Crystalline Minerals. There are at least 
five different methods by which silicates and other minerals may be grown : 





'riiin }.>r(.'(Miisli-blcU'k plates of biotite 400; bomb annc'aled for 15 days at 
C after initial c'xplosion of ttie mixture, SiO^ 33 ”o» '3 '/()> *5 %> 
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Fig. 4.— Biotite growth on a copper drop (sec Fig. 3 for details). 
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I 4 G. 5.-~-('rystals of anorthito x loo. Bomb anncakxl for 7 clays at 560'' C after explosion 
of the mixture 0-12 g. SiOg, o-o^ jr. Al/).,, o*o8 g. CaCOa with Hexogenc. 



Lig. 0.— Quartz crystals (i mm. long) on * conglomerate.’ 
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by sintering reactions, by crystallization from the vapour phase and by 
pyrolytic, high-pressure or hydrothermal crystallization from natural or 
artificial magmas. 

(i) Sintering Reactions. Numerous S5nitheses of minerals by sintering 
have been recorded.^ The rate of reaction, which may become large well 
below the fusion point of the reactants, often depends on rates of ionic 
diffusion in one or more of the solid phases. Not only may the kinetics of 
formation of new species be followed quantitatively in many cases,* but 
also crystal growth in a single species can be followed.^ The crystals are 
usually small, and a polycrystalline mosaic results. The rates of such processes 
are sometimes greatly modified by an ambient gas. Thus in the reactions,® 

BaCOg + SiOg = BaSiOg + COg t , 

CaO + SiOg = CaSiOg, 

accelerations of 22 -fold and 8-5-fold were noted in the presence of water 
vapour, the effect being manifested on the term ko only, in the rate constant, 
k — Here is a simple example of water acting as mineralizer 

(loc. cit.). 

Sintering reactions are valuable in providing quantitative information on 
rate constants, energies of activation, and of the influence of grain size, 
compacting pressures and gas atmospheres on the kinetics. They therefore 
give information concerning the reaction mechanism.® The method, however, 
is less suited for growing large, single crystals. 

In nature, metamorphoses in sedimentary and other rocks, which have 
become rather deeply buried and so subjected to pressure at intermediate 
temperatures, may take place by sintering reactions. The formation of 
garnet is characteristic of such metamorphism. This mineral being of 
considerable density, its formation under pressure is compatible with the 
Le Chatelier-Braun principle of mobile equilibrium. 

(ii) Vapour-Phase Crystallization. Good crystals of ammonium 
chloride can easily be grown from its vapour, and there is little doubt that 
many minerals could also be formed in a similar way, provided sufficiently 
high but controlled temperature conditions are achieved. Frankel ^ has 
produced small crystals of cassiterite (SnOg) by volatilization. Doelter ® 
reported the preparation of enstatite and sillimanite at very high tempera- 
tures and probably by volatilization. 


' Two articles which review such reactions are by Taylor (J . Amer. Ceram. Soc., 
i 934 » 155) and by Cohn {Chem. Rev., 1948, 42, 527). 

* Weyl, Tonind.-Ztg., 1929, 53, 559. 

* Taylor, Z. physik. Chem. B, 1930, 9, 241. 

* Taylor, ref. ^ (AI2O3) ; Foex, International Colloquium on Reactions in the Solid 

State (ThOg) (Paris, October, 1948). 

^ Idem, ref. Also Jancler and Stamm, Z. anorg. Chem., 1930, 190, 65- 
*Cp. Serin and Ellickson, /. Chem. Physics, 1941, 9, 742. 

Miner. Mag., 1947, *8. 

® Mineralchemie (Steinkopf, 1912), Vol. I, p. 601, 


* The reaction between BaO and Al203.2Si02 at 357° C may go sufficiently rapidly, 
according to Taylor,^ to give a heat effect. That between finely divided BaO and 
CUSO4 ill admixture may be complete in less than a second at 346'^. The processes 

MgO + FeaOa = MgFe,04,2 ZnO H- TiO^ = ZnTiOg,® 2NiO -f SiO^ = NigSiO^,^ 

are all completed in several hours some hundreds of degrees below the eutectic tern 
peratures of the systems involved. The reaction 1 

AI2O3 (amorphous) = AlgOg (corundum) ^ 

occurred only slowly at 850° C, giving < 10 % conversjpn in a specific time. In the same 
time, but in the presence of ioo % crystallization was realized (loc. cit.). 
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Minerals may also be formed by the action of vapours upon solids. In 
glass-making furnaces alkali metal oxide vapours may attack furnace linings. 
Many processes of cation exchange can be carried out by heating zeolites 
with NH4CI vapour.® SiF4 and superheated water vapour may interact to 
give quartz crystals,^® while SiCl4 (or SiF4) and water vapour interact with 
salts such as MgClj to give silicates.® Emanations from hot igneous intrusions 
may penetrate the surrounding country rock and react with these rocks to 
form important mineral deposits ; or on cooling some distance from their 
place of origin these emanations may precipitate other species held in solution 
at high temperatures.^^ 

(iii) Pyrolytic Crystallization. In this method the crystals are grown 
by cooling a melt. An extensive literature deals with phase diagrams of 
systems of interest in glass-making, refractories and ceramics industries,^* 
In addition, however, many other minerals have been grown pyrolytically 
and the method has proved valuable for producing large single crystals. 
Cooling from one end of the melt in a slight progressively moving thermal 
gradient has been very successful in yielding crystals for optical purposes 
(cp. this Discussion). 

In silicate chemistry difficulties arise in growing large crystals because of 
the very great viscosity of the melt. Nucleation sets in at a rate which at 
first increases and then decreases with degree of undercooling, but subsequent 
growth is slow in the viscous magma, and usually only small crystals result. 
For too rapid cooling the whole mass sets to a glass. One of the earlier 
attempts at mineral growing from a substantial volume of a multi-component 
melt * was made by Morowicz,^® who lowered the temperature of the melt 
at ten-hour intervals from about 1600° to 800° C. He was able to prepare 
some larger crystals, and reported corundum, magnetite, iron glance, pyro- 
xenes and wollastonite. Additions of CaS04, Na2S04 and NaCl caused nosean, 
hauyne and sodalite to appear, and in the presence of a little tungstic acid 
small quartz crystals were found. 

Crystallization of magmas follows the fairly definite pattern shown below, 
as far as some species at least are concerned. 

(iv) High-pressure Crystallization. During crystallization a melt is 
sometimes exposed simultaneously to heat and great pressure. Natural 
crystallizations of deep-seated igneous rocks often occur under such condi- 
tions.f Laboratory imitations of pneumatolytic high-pressure conditions 
have been obtained by Wyart and Michel-L^vy (this Discussion) and 
successful growth of small crystals of species such as feldspars, quartz, topaz 
and cryolite reported.^® 


• This method appears to have been originated by Clark and Steiger, Anier, J, Sci., 
1899, 8 (iv), 245 ; 1900, 9 (iv), 117, 345 ; Z. anorg. Chem., 1900, 23, 135. 

Baur, Z. physik. Chew,, 1904. 4®, 483. 

Morey, Carnegie Inst. Washington Pull. No. 501, 1938, p. 49. 

Norton, Refractories, 1942 (McGraw-Hill Book Co.). 

Tsch. min. Mit., 1899, 18, 20. 

^^Cp., for example, Morey, J. Amer. Ceram. Soc., 1937, ao, 283. 

Michel-Levy and Wyart, Compi. rend., 1938, ao6, 261 ; 1939, 208, 1030 and 1594 ; 
1940, 210, 733 ; 1941, ai2, 89 ; Bull. Soc. franc. Miner., 1947, 70, 164 and 168 ; 
MlHh. Soc. G^ol. France, 1947, a6. No. 55. 


♦ In imitation of cooling of a natural magma. 

t These have cooled very slowly between about 1400° and 400®, at pressures as high 
as 5 to TO tons per sq. in., and although the crystals may vary in chemical composition 
they exhibit fairly uniform physical characteristics. The rocks are wholly crystalline 
and the crystals are large, sometimes several centimetres or more, in diameter. The 
range in crystal sizes is not great, perhaps because tiny crystallites have aggregated 
under pressure, or been preferentially consumed by the larger crystals as a result of their 
higher surface free energy. 
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Analogous Natural Nature of Parent Nature of Crystals 

or S3mthetic Melts Magma Precipitated 
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Homogeneous , very 
fluid, high temperature 
silicate melt, contain- 
ing many components 

Magma rather richer 
in silica, but still very 
fluid 


Basalt magma still 
fluid, but richer in 
silica 


Silica rich magma of 
higli viscosity 


Sharp 

temperature 

drop 



Silica free minerals 
(Fe804, spinels) 



Silicates poor in silica 
(e.g., ortho silicates 
such as olivine, 
Mg 2 Si 04 ) 



Some orthosilicates ; 
then metasilicates (py- 
roxenes) ; plagioclase 
feldspars in later stages 


eralizer^ 


Water may 

serve as min- Large yields of feld- 
spars : quartz may 
appear. Granites (con- 
taining orthoclase and 
. plagioclase feldspars, 
quartz and mica) 


V 

Glass 


Weathering 


Clays 



by CO2 or 
organic acids 
in solution 


Weathering 
in warmer 
climates 
V 

Bauxite, diaspore 


Saline and alkaline 
solutions 
V 

Zeolites and other 
hydrothermally formed 
species 


(v) Hydrothermal Crystallization. Water in considerable amount is 
essential in true hydrothermal crystallizations, which usually occur below 
600®, often under a high pressure of water vapour so that they are in some 
measure pneumatolytic also. In many of the crystals the water plays a 
structural role in the lattice ; but anhydrous crystals are also easily grown 
(e.g., feldspars or quartz). In general, the proportion of hydrous to anhydrous 
species decreases as the temperature of crystallization is raised. In addition 
to its structural role, the water by its solvent action upon the other com- 
ponents may promote their dissolution, mixing and recrystallization. The 
solubilities of silicates are normally small and difficult to determine.* They 
depend inter alia upon the pH of the medium, and the process of solution may 
occur with chemical decomposition. Nevertheless, many hydrothermal 
crystallizations occur reproducibly under standard conditions and may# 

Rec . trav . chim ., 1935, 54, 129. 

\ 

* For example, no very satisfactory quantitative data appear even in the simpler 
cases of quartz and silica (cp. v. Nieuwenberg and v. Zon ^«). 
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follow similar principles to those governing precipitation of simple salts 
from their solutions (e.g., analcite, mordenite and quartz 

The hydrothermal technique of heating the aqueous mixture in autoclaves 
has been modified for some clay syntheses by circulating carbonic or other 
mildly acid solutions over alkali-rich mixtures at suitably elevated tem- 
peratures.^^® 

The same mineral may crystallize using several of the methods described. 
A few examples are given in Table I. It is interesting that there is reasonable 
parallelism between syntheses of these minerals and their paragenesis in 
nature ; other examples of this parallelism could be given. A critic^ attitude 
towards reported s3mtheses is necessary where inadequate identification has 
been given. For example, a claim to have made the rare zeolite faujasite 
is probably incorrect ; the species formed is considered to be hieratite 
(KgSiFe), and was due to the presence of hydrofluoric acid in the silica gel 
used. Reported preparations of chabazite also seem doubtful : repetitions 
by the writer of some of the “ preparations described in the literature 
yielded species which were definitely not chabazite. Many other doubtful 
claims have been made. 

Crystal Dimensions. Natural crystals often greatly exceed in size those 
grown synthetically. A crystal of spodumene has been found over forty feet 
long weighing more than forty tons ; a crystal of beryl weighing nineteen 
tons, eighteen feet long and four feet in diameter (compared with hydro- 
thermally grown crystals weighing o-2 g.^®) ; and a “ book of mica with 
leaves twelve feet in diameter (compared with pyrolytic synthetic mica of 
about inches in diameter). Crystals of feldspars of four or five feet have 
been found in pegmatite veins, compared, for example, with hydrothermally 
grown albite crystals of o*i to o-2 mm. in length.^^ Natural asbestos fibres 
may have lengths as great as 15 cm. (chrysotile) or even 25 cm. (amosite). 
Pyrolytically crystallized hornblende asbestos fibres have been grown 
0*4 cm. long.22 

Many fine natural crystals have been formed hydrothermally, such as 
zeolites or quartz. By contrast, synthetic analcite crystals up to 0‘i mm. 
diameter represent at present a good hydrothermal growth for a zeolite. 
Quartz, on the other hand, forms comparatively large crystals from miner- 
alizing solutions. A number of syntheses have yielded crystals from o-i to 
2 mm. in length, and substantial growths have been obtained on seed crystals 
suspended in the mineralizing solution. For example, a 3*3 g. specimen 
increased by 2 g. in four days ; and growth rates of 48 mg. cm~2 day^ have 
recently been reported, with a total deposition of quartz of 6-9 g.^^ By 
pneumatolytic growth, synthetic quartz crystals of 1*5 by 0*65 mm. have 
been formed.^® 

One reason why the largest natural crystals may greatly exceed sythetic 
silicate crystals in size is undoubtedly the time factor, although in part this 
factor has been overcome by the use of mineralizers. Also where there has 
to be a heating period during which thermal conditions in the autoclave 

BaiTer, y. Chem. Soc., 1948, 2158. Nature, 1946, 157, 734 ; and also this paper, § 3. 

^’“Norton, Anier, Miner., 1937, 33, i. 

Baur, Z. anorg. Chem., 1911, 73, 119. 

Summarized by Mellor, Treatise on Inorganic and Theoretical Chemistry, Vol. VI, 
P- 729. 

Nacken, cited by Van Praagh, ref. 

Friedel and Sarasin, Compt. rend., 1883, 97, 290. 

** Scheumann, Fort. Miner. Krist. Petr., 1933, 17, 69. Scheumann and Ludke, Ber. 
Verhand. Sachs. A had. IViss. (Leipzig, Math-Phys. Kl.), 1933, 85, 273. 

** E.g., Straub, Ind. Eng. Chem., 1936, 38, 113 ; and also this paper, § 3, 

** See, e.g., Hale, Science, 1948, 107, 393, and Van Praagh, Geol. Mag., 1947, 9^- 
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TABLE I 

Successful Syntheses of Typical Silicate Crystals* 


Crystal 

Types 

Hydrothermal 

Growth 

Pyrolytic 

Growth 

High-pressure 
Pneumatoly- 
tic Growth 

Growth by 
Sintering 

Growth from 
Vapour Phase 

Clays 

Kaolinite 

28 29 30 

Dickite 

Beidellite 

Sericitc 

Nontronite 

Montm or illoni te* ® 

27 





Micas 

Muscovite 

Phlogopite 

82 

— 

— 

— 

Zeolites . 

Analcite 

Mordenite 

1 Ilarmotome 


— 

~~ 

— 

Sodalite- 

Hauyne 

minerals 

1 Sodalite®®®® 
Cancrinite 

Nosean 

Sodalite 

Nosean 

Hauyne 



— 

Crystal j 

! Quartz 

Quartz 

Quartz 





forms of 

, Cristobalite 

Cristobalite ®® 

— 

— 

Cristobalite ®® 

silica 

— 

Tridymite ®® 

— 

— 

— 

Feldspars 

Albite 

Albite 

Albite 

Albite 



Orthoclase 

Orthoclase 

Orthoclase 1® 

— 

— . 


— 

— 

Anorthite ^® 

Anorthite ^® 



Schwarz and Trageser, Naturwiss., 1935, 33, 512. 

Gruner, Econ. GeoL, 1944, 39 57^. 

Noll, Ccntr. Miner., 1934, So; Miner. Petr. Mitt., 1934, 45, 175 ; 1936, 48, 210; 

Neues Jahrb. Miner. GeoL, Beil. Bd., 1935, 70, 65. Chem. Erde, 1936, 10, 129. 
Ewell and Insley, J. Fes. Nat. Bur. Stand., 1935, 15, 173 (RP 819). 

Norton, Amer. Miner., 1937, ^ I I 939 » * 4 > i » 194^, a®, i* 

V. Nieuwenberg and H. Pieters, Fee. trav. chim., 1929, 48, 27. 

Noda and Sugiyama, J. Soc. Ghent. Ind. Japan, 1943, 46, 931 and 1082. 

Kendall and Spraggon, XI Int. Congr. Pure Appl. Chem., London, 1947. 

Barrer. J. Chem. Soc., 1948, 2158. 

** Idem (unpublished data). 

Newman, Shartsis, Bishop and Wells, J. Res. Nat. Bur. Stand,, 1945* 3®. 63, 

*® Imhoff and Burkhardt, Ind. Eng. Chem,, 1943, 35, 873 ; also Alcock, Clark and 
Thurston, J. Soc. Chem. Ind., I944» 63^ 292. 

Wyart, Bull. Soc. franc. Min., 1943, 66 , 479. 

•* Weil, Cow/?/, rend., 1925, 181, 423. 

**Cf. Fig. 3, for example, which defines the temperature-composition limits for 
pyrolytic crystallization of crystalline forms of SiOg from Na20-Si02 melts. 
Greig, Merwin and Shepherd, Amer. J. Sci., I933. *5 (5)» 61. 

V. Nieuwenberg and Blumendahl, Fee. trav. chim., 1931, 50, 989. 

Gruner, Amer. Miner., 1936, 21, 511. 

See Doelter, ref. ®. 

See Taylor, ref. 1, and Day and Allen, Carnegie Inst., Washington, Publ. No. 31. 
Jander and Petri, Z. Elektrochem., 1938, 44, 747. ® 


* No attempt has been made to give all syntheses claimed. References have been 
chosen, however, which correspond to some of the syntheses which are not of doubtful 
authenticity. 
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change, nucleation may occur before the optimum temperature is reached. 
Experience suggests that there is frequently an initial shower of small, often 
geometrically perfect, crystals from the mineralizing solution, followed by a 
virtual cessation of precipitation or crystal growth. Much of the difficulty in 
growing large crystals by hydrothermal methods has been in sustaining 
crystal growth following the initial shower. In a synthesis of a zeolitic species 
the small crystals first formed were transferred to a similar mother liquor, and 
heated to the temperature of the first growth ; but whereas the first growth 
occurred in less than two days, fifteen days* subsequent treatment caused 
no observable change in size.**® Such effects may probably be traced to 
depletion of the mother liquor in one or more important constituents. 


tOOy^ orthodase. 



lOoX fOOZ ^icQ, 

I'lG. I. — The small triangle denotes a region where good growth of phlogopite-type 
mica crystals is reported from melts containing MgFg, mica (FgKMgaAlSigOio) and 
orthoclase (KAlSiaOg). Compositions are represented by the method of Roozeboom. 


3 . Variable Conditions in Grow^th of Crystalline Minerals. The 

variable factors in growing silicate minerals include chemical composition, 
the presence or absence of mineralizers, temperature, pressure, time and 
(in hydrothermal reactions above the critical temperature) the degree of 
filling of the autoclave. Some of these factors will be considered.'*’ 

(i) Chemical Composition and Temperature. Two examples only will 
be given of the influence of composition and temperature upon the species 
crystallizing. Silicates often appear over a range of compositions, tempera- 
tures or pressures. Fig. i shows a composition range which is claimed to 
give good pyrolytic crystallization of a synthetic mica, at temperatures 
between 1260'' and 1360'’ C, depending on the composition.®* 


Barrer, Chem. Soc., 1948, 127. 

Another discussion of these factors is given by Morey and Ingerson, Econ. Geol,, 
I937t 3 % 607- 
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In an investigation of hydrothermal crystallization of sodium alumino- 
silicate gels NaaO.AlgOj.wSiOa + aq., where m ranged from two to over 
twelve, three prominent species among a number of those grown under 
alkahne conditions were quartz, mordenite and analcite.^^ Quartz appeared 
where m was large, increasing in amount as m increased from about 8 
upwards. Mordenite began to appear where m was about 8, but diminished 
in yield again as m approached I 2 ; highest yields were for values of m 
intermediate between these extremes. Analcite crystallized in high yield 
for w = 4 or 5, and the 3deld decreased rapidly for w < 4, and slowly for 
fn> 5, although some analcite could be obtained even in the range where 
mordenite was the principal species. Analcite crystallized even below 
200° C and was still in evidence at 310° ; mordenite crystallized best in a 
narrower temperature range of r^65°-295° ; but quartz can undoubtedly 
be grown over a very wide temperature range indeed (temperatures up to 
390° were used but, as expected, no limits of temperature could be defined). 

(ii) Mineralizers. In the laboratory attempts have been made to shorten 
the time of crystal growth by the use of crystallizing agents or mineralizers. 
The modes of action of mineralizers are diverse, and can best be understood 
by reference to specific examples. 

The sintering of amorphous alumina to give comndum is greatly accelerated 
by CaFg.^ It is suggested that AIF3 is formed : 

3CaF2 + AI2O3 ^ 3CaO + 2AIF3, 

and that crystalline AlgOg then results from the reverse reaction. In this 
case the mineralizer acts by forming an intermediate compound. The 
pyrolytic crystallization of silica gel dissolved in a melt of sodium meta- 
phosphate yielded only cristobalite in the range 700^-^50° C; but from 
silica gel in fused sodium tungstate in the range 7oo°~85o° C only tridymite 
appeared. The formation of substantial crystals of Si 02 .P 206 in the former 
instance when a large excess of free P2O6 was also present suggests that the 
formation of cristobalite may have been associated with the decomposition 
of such an intermediate compound.^® 

A hydrothermal synthesis of a zeolitic species has recently been observed 
in which BaCl2 or BaBrg were specific mineralizers. The salts acted as space 
fillers to permit and stabilize the growth of an open aluminosilicate frame- 
work. The BaCl2 or BaBr2 may subsequently be extracted from sohd solution 
throughout the interstices of the framework to leave the salt-free zeolite.^® 
Not all mineralizing actions arise from intermediate compound formation. 
Water * may act in pyrolytic or pneumatolytic crystallizations in two 
important ways : by lowering the viscosity of a magma with which it is 
associated ; and by lowering the fusion or crystallizing temperature of 
pystalline species in equilibrium with the magma. At their congruent or 
incongruent fusion points, feldspars have viscosities of the order 10^ to 10® 
poises (for water at 0° C the viscosity is o*oi8 poises). At the much lower 
temperatures at which these crystals have formed in pegmatites the viscosity 
will be vastly larger, yet feldspathic crystals of great size can be found. It 
is believed that water in the magma may have lowered the viscosity and 
crystallizing temperature sufficiently for excellent crystal growth over 
geological time.^^ 

Quantitative studies of fusion temperatures of simple silicate species in 
the presence of water have demonstrated the magnitude of the lowering 

Peyronel, Z. Krist., 1936, 95, 274. 

• Other volatile compounds such as HF, HCl, SOg. HgS, NH3 or COg may be expected 
to repeat some phenomena observed with water, with limitations imposed by their 
chemical and physical nature. 
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of the crystallizing temperature of given species from the water-containing 
melt. The crystals and a charge of water are heated in an autoclave. The 
resulting melt when frozen by rapid chilling consists of a brittle glass con- 
taining the water. Optical examination then reveals whether crystals are 
embedded in the glass or not. If there are crystals, then the system was 
below the fusion temperature of the species ; if crystals are absent the 
system was above this temperature. Repetitions over a range of temperatures 
for each composition then fix the exact crystallizing temperature. Fig. z 
gives the fusion temperature of potassium silicates and potassium disilicates 
in relation to the amount of water in the crystallizing magma, and reveal 
how greatly these crystallizing temperatures are lowered by water. Such 
great lowering is not uncommon in silicate chemistry. The crystallizing 
temperature of silica as cristobalite, tridymite or quartz from melts of silica 



Fig. 2. — ^The solubility or melting point curves of the binary systems KgSiOj-H.O 

and KaSiaOj-HjO (ref. «»). 

containing some sodium oxide is shown in relation to the amount of NagO 
in Fig. 3. There is a drop in the fusion temperature of the crystal forms of 
silica from 1713® to 793° C, and it is particularly to be noted that quartz 
may form from appropriate melts between 870° and 793° Parallel with 
this lowering of the melting points following additions of NagO is a decrease 
in viscosity. 

Water in a silicate magma may, at high temperatures, be expected to 
develop a great pressure and may in this way also influence the course of 
crystallization. As a hydrous magma gooIs from above 1000° C, anhydrous 
species commence to crystallize out, the melt in equilibrium with the crystals 
therefore becomes steadily richer in water, and the escaping tendency of the 
water at first increases. At length, after passing through a maximum the 


Morey and Fenner, /, Amer. Chem, Soc., 1917, 39, 1173. 
Morey, J. Anier. Ceram. Soc., 1934, * 7 » 
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pressure beings to fall again. The final section of this falling part of the 
curve (between ^368° C and room temperature) Ues somewhere under the 
P-T curve for water below its critical temperature (^368° C). P-T curves 
of water vapour (or super-critical fluid) in equilibrium with hydrous magmas 
and species crystallized from the magmas are given in Fig. 4 for some typical 
instances.** 

A significant factor in hydrothermal crystallization is the pH of the solu- 
tion, i.e., the OH“ ion may be an important mineralizer. Its action is exerted 
in part through its influence on the solubility of silica and silicates, and the 
biggest hydrothermally formed crystals tend to be those of species which 



Fig. 3.— a part of the phase diagram of the NajO-SiO, system showing crystals ia 
equilibrium with melts (ref. ®®). 

grow from alkaline media. Clay minerals on the other hand form from gels 
and mmerals containing considerable alkali under mildly acid conditions. 
Fossibly as a result of the low solubility of sihca in acid solution, clay 
^stals, whether occurring naturally or made S3mthetically, are very small. 
However, it is also possible to have too high a pH. Mordenite formed best 
b«ween about 265‘’-295° C and a pH between 8 and 10 • (loc. cit.) • above 
pH 10 prolonged contact with this alkaline mother liquor resulted in the 
crystals first formed becoming corroded or redissolving. At a pH between 

hand, there was less satisfactory crystal growth • 
although the crystals did not decompose in contact with the solution.** 

(ill) Miscellaneous Factors. When alkaline solutions act upon silica 

The pH values given are those in the cold mother liquor after reaction. 
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Fig. 4 a. — P-T curves for each of two pure components A and B in equilibrium with 
its vapour (V) or liquid (L). The curve B -f- L 4“ V is the P— T curve for B in 
equilibrium with liquid and vapour containing both A and B. This curve does 
not intersect the dotted critical curve joining the critical point A^ of A with the 
critical point B* of B. 



200 400 600 600 tOOO 

temperature 


Fig. 4 6. — ^Equilibrium P-T curves for systems containing aqueous solutions or magmas 
in contact with some silicate crystals (ref. *•). 

Curve I : P-T curve for pure water. 

Curve 2 : P-T curve for KgSigOj-HgO. 

Curve 3 : P-T curve for KHSigOg-KgSigOs + Liquid + Vapour. 

Curve 4 : P-T curve for KgSiOg-HgO. 

Curve 5 : P-T curve for KgSigO^-KgSiOj -f Liquid + Vapour. 

For a full description of all the phases present, the ternary phase diagram 
KgSiOg-SiOg-HgO must be consulted (ref. 
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((/) Hvositctralicdral synthetic analcito, 
NaX).AI X)3.4Si0^.2H./), grown from 
gei i\a20.Alo(),j.5vSi()o -f aq. in 42 
hours at 275° C. (x 200) 
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( 0 ) Synthetic analcitc grown from gel 
Ka^O.Al.Og.sSiOjj + aq. in presence of 
>ial''. Growth lor 2 days at 245° C. 
'J’hc larger crystals are y^redominantly 
the cubic form of analcite. ( x 200) 
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glass, or bring about crystallization of suitable aluminosilicate gels,®® 
there is a tendency for cristobalite to separate first, but the cristobalite soon 
redissolves or recrystallizes and is replaced by quartz. The behaviour recalls 
Ostwald's law of successive transformations, in that the thermod5mamically 
least stable pol5nnorphic form first appears. 

Another example of the operation of the time factor is shown in Gruner's 
conversion of montmorillonite to orthoclase (adularia). Seven days* treat- 
ment of the clay mineral at 300° C with 10 % KHCO3 solution yielded a 
product with a very good X-ray pattern of adularia ; at 275° C the X-ray 
pattern of adularia had become distinct only after ten days, while at 245° C 
the stronger lines appeared only after six weeks. Often, however, precipita- 
tion from a mineralizing solution occurs rapidly with little subsequent 
development either in the number or size of crystallites (cp. § 2). 

The form of the crystals of silicate species may be modified by conditions 
of growth just as is the form of simpler inorganic species. Analcite often 
occurs as ikositetrahedra ; and in this form it has been obtained by the 
writer in greater or less yield over a wide range of compositions of alumino- 
silicate gels and of temperatures (loc, cit.). However, when a gel 
NagO.AlgOa.sSiOg aq. was crystallized in the presence of a high concen- 
tration of sodium fluoride, the analcite was obtained as cubes often showing 
hemihedral faces (Fig. 5 {a) and {h)), Analcite can be produced in quantity just 
as easily as in small amounts. A 5-kg. lot was formed by hydrothermal 
crystallization of Na20.Al203.4Si02 + aq. in which the crystals were of 
comparable dimension to those formed in the smaller lots. The crystals in 
all preparations were of various sizes, but some progress was made towards 
controlling the average diameter of crystals, since by crystallization at the 
lowest practicable temperatures higher yields of the smaller crystals often 
appeared. 


Discussion 

Progress on the controlled growth of silicate and aluminosilicate crystals 
has been slow, owing to the difficulties inherent in high-temperature and 
high-pressure measurements. Future work is needed in several directions. 
The first of these has already been pioneered by Morey and his colleagues, 
who have made equilibrium studies of pressure, temperature, composition 
and solubility relations of simple silicates in hydrothermal systems. Phase- 
rule studies involving anhydrous high-temperature melts and crystals are 
common, but little such work yet exists for hydrothermal silicate systems, 
which have great geochemical and chemical interest. However, such studies 
have limitations, especially where there are more than three components, 
and also since thermodynamically less stable species often precipitate first 
and have the properties of greatest interest. Another approach is therefore 
to determine by experiment the conditions for reproducible formation of 
various species both stable and unstable, together with the complementary 
study of finding the conditions which control the size and form of the crystals 
grown. 

Chemistry Department, 

Marischal College, 

The University, 

A berdeen. 


61 Wyart, Bull, Soc, franp, Min., 1943, 66, 479. 
** Taylor, J. Chem. Soc. (in press). 



THE HYDROTHERMAL CRYSTALLIZATION OF VITREOSIL 
AT CONSTANT TEMPERATURE 

By G. Van Praagh 
Received 2 &th January, 1949 

Historical survey. — Silica has been crystallized in the laboratory by 
a number of workers and a comprehensive review of the records has been 
published by Kerr and Armstrong.^ During the last 100 years, over 30 
investigators have recorded the production of quartz in the laboratory 
under a great variety of conditions. The temperatures of formation have 
ranged from room temperature to 870° C, the pressures from i to 3000 atm., 
and the duration of the experiments from 3 hr. to 8 years. The crystals 
formed have ranged from a length of a few microns to 8 mm., and the 
length of natural crystals used as seeds has been increased to 14 mm. 
However, the production of a growth of more than i mm. is recorded in 
less than half a dozen cases. Almost the only early publication in this 
country was a report of a committee of the British Association in 1882 by 
Ramsay and others.^ Experiments were described in this report in which 
various forms of silica were heated with water in a cast-iron bomb to 
300°-400° C. Observations were made which recent work has substantiated 
and extended. As an example of the production of synthetic quartz crystals 
by those interested in the subject from the point of view of geological 
processes, the experiments of Wilson and MacGregor may be quoted.® They 
obtained quartz crystals up to i mm. long when stud}dng the reactions between 
silica and sodium aluminate in the presence of water above the critical 
temperature. The materials were enclosed in a steel bomb, the top end of 
which was maintained at about 500® C for 2 months, the temperature of 
the bottom end being 100® lower. Small crystals of analcite and albite 
were identified among the products, and quartz crystals were found adhering 
to the silver gauze bag containing the raw material. 

The most successful attempts before the war to grow crystals of quartz 
were those of Spezia.^ Spezia used seed crystals of natural quartz suspended 
in a sodium metasilicate solution in a silver-lined bomb. Fragments of 
quartz, contained in a silver basket, were placed in the upper part of the 
bomb, the seed crystals being suspended just below the basket. The 
strength of the solution was about 2 % ; the temperature in the upper 
part of the bomb was maintained at 320°-350° C and feU to about 200° in 
the lower part. Slow diffusion of the solution occurred, dissolution of the 
quartz taking place in the hotter region and deposition occurring on the seed 
at a slightly lower temperature. In one experiment, lasting 199 days, the 
seed crystals, consisting of two quartz plates 0*5 cm. thick, increased in 
length to about 2*5 cm. In another experiment, the duration of which was 
5 months, perfectly clear additional growth was produced on a Japanese 
twin with broken terminations. 

Isothermal Crystallization of Quartz. — During the 1939-45 war, the 
demand for large, untwinned crystals of quartz for use as a source of 
piezoelectric oscillators became heavy. Basing his work on that of Spezia, 


1 Kerr and Armstrong, Bull. Ge'^l. Soc. Amer., 1943, 54. Suppl. I. 

* Ramsay et aL, Rep. Brit. Assn., 1882, 239. 

* Wilson and MacGregor (in course of publication). 

* Spezia, Acad. Sci. Torino. Atti., 1905, 40, 234 ; 1905, 41, 158 ; 1908, 44, 95. 
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Fig. t. — S ynthetic quartz crystals and cnstobalite*. (x (>(') 




Fig. 2. — Quartz section with added growth, (x 20) 
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Nacicen in Germany developed techniques by which sizeable crystals could 
be grown in a very much shorter time than had been achieved previously. 
Thus, a crystal 2 cm. in length could be grown from a small seed plate 
0*5 cm. long in 4 or 5 days. Work in this country proceeded along similar 
lines and was briefly reported by Wooster in 1946.® 

Nacken * used an isothermal process in which vitreous silica was converted 
to a-quartz at constant temperature. He was led to adopt this method 
through a study of the solubility of the various forms of silica in water 
and alkaline solutions at temperatures in the neighbourhood of the critical 
point. The writer has since repeated and extended some of Nackcn*s 
experiments. 

It is clear from the phase diagrams of silica and the system silica-water 
that the isothermal transformation of vitreous silica to the crystalline 
forms cristobalite, tridymite and quartz is feasible. Vitreous silica is the 
least stable form and, below 575° C, a-quartz is the most stable. Hence 
if vitreous silica, or one of the crystalline forms less stable than quartz, 
is used as the starting material, it should show a strong tendency to convert 
to quartz. This does in fact occur, and the transformation is easily brought 
about in the presence of water. In the neighbourhood of the critical point, 
vitreous silica is about 10 times as soluble in water as a-quartz. Thus 
vitreous silica can be dissolved to produce a solution that is highly super- 
saturated with respect to quartz and will readily deposit the latter. In 
fact, synthesis of quartz from vitreous silica in this manner takes place so 
readily that one of the greatest difficulties in growing large crystals is to 
maintain the state of metastability and to prevent the vitreosil crystallizing 
in situ rather than on the quartz seed. 

Since many of these experiments were performed above the critical tem- 
perature of water, it is evident that silica is transported through the vapour 
phase. Attempts have been made to measure the solubility of sUica in 
steam at various temperatures and pressures above the critical point. ^ The 
results accord with those predicted by theory, i.e., the solubility increases 
with pressure and decreases with rise of temperature. There appears to 
be no discontinuity in the solubility curve on passing through the critical 
temperature. Above this temperature, the fluid phase is, of course, entirely 
vapour, but it is just as much a solution as an ordinary aqueous solution 
at room temperature. The concentration in this phase is determined by 
the degree of filling of the container, i.e., the fraction that is fiUed with liquid 
water at the beginning of the experiment. Unfortunately, few of the records 
of the synthesis of quartz include mention of the degree of filling, so that 
the pressure used, and hence the concentration of the vapour solution, 
cannot be calculated in these cases. For water, a degree of filling of about 
33 % is necessary for the two phases, liquid and vapour, to become one at 
the critical temperature. For other degiees of filling, the system will become 
one phase at a lower temperature. Below 33 % filling, the single phase 
formed is vapour and the pressure is less than the critical ; but for 
degrees of filling above 33 %, the single phase first formed is liquid. When 
the temperature is raised to the critical value, the liquid vaporizes to 
produce a pressure which may be greatly in excess of the critical. The 
importance of this factor is that, in determining the concentrations of the 
vapour solutions, it may influence the nature of the product that crystallizes 
out. 


® Wooster, Nature^ 1946, 157, 297. 

• Nacken (private communication, 1945). 

Smits, Rec, Trav, Chim., 1930, 49, 962. Van NJjeuwenburg and van Zon, ibid., 
1935. 54 » 129. Ingerson and Morey, Econ, GeoL, 1940, 35, 772. 
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Experimental and Results 

The equipment used by Nacken consisted of silver-lined autoclaves of various 
designs, with capacities varying from 30 to 300 cm.® The quartz seeds were 
suspended from silver wires and the vitreosil was placed on the bottom of the 
container. The autoclaves used by the writer are heated in an electric furnace, 
the temperature of which can be kept within half a degree. A number of factors 
can be varied, namely, the nature of the solution used, its concentration, tem- 
perature and the degree of filling of the bomb. 

The effect of temperature is marked : an increase from 370° to 400° C trebles 
the rate of growth. The use of higher temperatures emphasizes the degree 
of metastability and increases the proportion of material that is devitrified 
in situ. 

The effect on the growth of a range of concentrations of many solutes has 
been studied. For each solute there appears to be an optimum concentration 
that leads to a maximum amount of growth. The solutes studied include 
sodium carbonate, bicarbonate, borate, acetate, chloride, disodium hydrogen 
phosphate and alkaline ammonium fluoride. Many combinations of the variables 
lead to the production of quartz. Conditions giving maximum solubility of silica 
do not necessarily lead to maximum growth on the seed crystal. Again, high 
rates of growth do not give the best type of deposit, as flaws and inclusions 
are more likely to occur. 

Tinder suitable conditions, the whole charge of vitreosil can be converted 
into quartz in a few hours. Deposition occurs on all available surfaces, only 
a small percentage of the whole being deposited as a clear crystalline growth 
on the quartz seeds. Some is deposited on the walls of the autoclave as a 
coherent layer, some as well-formed bi-pyramids of quartz, and the remainder 
is converted in situ into a chalcedonic mass. It will be convenient to consider 
the products of the crystallization of the vitreosil under three headings. 

The growth of quartz on the quartz seed crystals. — Under favourable 
conditions this deposit consists of a clear crystalline growth in crystallographic 
continuity with the seed crystal. Fig. 2 shows a photograph of a thin section 
across a quartz seed with added growth, taken between crossed Nicols. The 
seed used had a dirty surface and the line of demarcation between the original 
crystal and the added quartz is thus rendered visible. 

If a broken piece of natural quartz is used as the seed, the broken surfaces 
are healed by the added growth. Fig. 3 shows growing faces spreading over 
the irregular surface of the seed crystal. 

The rate of growth depends on the direction of growth, and the shape of the 
final crystal is influenced by the nature of the solution used. The basal surface 
of quartz is seldom observed * : it grows rapidly with respect to the rhombohedral 
surfaces and finally degenerates into the upper corner of the crystal. The 
prism faces usually have a lower rate of growth, the trapezohedron and trigonal 
pyramids grow faster and therefore remain small or disappear. These points 
are illustrated by an experiment of Nacken in which a sphere was cut from 
natural quartz and allowed to grow. (Growth was rapid along the c-axis and 
positive and negative rhombohedra formed at both ends. Near the centre, 
a number of contiguous rhombohedral faces formed, lending a barrel-like appear- 
ance to the crystal. The original sphere weighed 3*33 g. and increased in 
weight by 2 g. in 4 days. Other growth tests were made with seed plates cut 
in different ways and proof was obtained, by an examination of the etch figures, 
that no spontaneous twinning occurred, e.g., a plate cut from a positive rhombo- 
hedral face grew into a positive rhombohedron, whether the lateral faces were 
cut along the correct crystallographic axes or not. 

The deposits formed on the surface of the container. — In the continuous 
deposit formed on the walls of the crucible, minute cavities containing ingrowing 
crystals, reminiscent of a quartz druse as found in nature, are often formed. 
Small well -formed bi- pyramids of quartz are sometimes deposited on the silver 
wire and elsewhere. The growth of prism faces is less frequently observed. 
In one experiment, the quartz bi-pyramids showed a structure in their equatorial 

• Hale, Science, 1948, 107, 393. 




Tig. 5.— Partly dcvitrifiecl silica Fig. 6. — Globular material formed 

glass showing amorphous in earlv stages of devitrilication. 

and quartz layers, (x 40I (X 60) 



Fig. 7. — X-ray photographs of globules. 
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planes which might be described as sector twinning (Fig. 4). Tliis observation 
may support the view (suggested by further evidence described below) that 
they had developed by growth on spherical nuclei with a radial structure. 

The devitrification of the vitreosil in situ . — During an experiment, the 
piece of vitreosil becomes enclosed in an envelope of quartz, which, if the process 
of crystallization is allowed to continue long enough, extends inwards and 
finally replaces the whole of the vitreosil. The quartz layer is brittle and 
consists of an aggregate of crystal grains, many of which terminate in pyramidal 
faces pointing outward into the solution. If crystallization of the vitreosil 
has not been complete, this layer may be easily parted from the residual core of 
glass. The layer often consists of two parts, an outer part of quartz separated 
from the vitreosil by an ap>parently amorphous layer (Fig. 5). The material 
forming the latter exhibits cui \^ed surfaces and often shows a blueish opalescence. 
In some experiments, de\'itrification of the vdtrcosil led to the formation of 
aggregates of spherical j)articles, illustrated in Fig. 6. The diameter of the 
particles is of the order of 0*02 mm. ; their specific gravity is 2-2 and their 
refractive index varies from about 1*46 to 1*48. 

X-ray photographs of tliese particles have been kindly taken ])y Dr. 
llannister. One sample shows what is essentially a low cristobalitc pattern and, 
in addition, haloes which could be attributed to opal ; another sample gives a 
photograph of high temperature cristobalitc (Fig. 7). 

These results form the beginning of a study of the mechanism of the 
crystallization of vitreosil. In general, it is clear that both quartz and 
cristobalitc may form directly from the vitreosil, but the appearance of some 
of the devitrihecl material suggests the possibility that the cristobalitc may 
recrystallize into quartz. 

Two suggestions may be put forward to account for the spherical shape of 
the cristobalitc particles. 

(1) The silica glass may, as surface dissolution begins, aggregate into 
drops which then either partly or wholly crystallize. The halo shown in the 
X-ray photograph might be attributed to opal or to vitreosil, indicating that 
the drops had only partly crystallized. Wooster has obser\Td that vitreosil 
flows under the conditions of these experiments and this may lend support 
to this view of the origin of the spherical particles. 

(2) The particles may be formed by regular radial grow th from a number of 
nuclei. Examination of the angle's of contact betwc'en the spheres favours 
this hypothesis rather than (i). 

It is interesting to compare the quartz layers formed in tliese oxjx^riments 
with the quartz crystals frequently found in cavities in natural flint. Fig. 8 
shows photographs taken between crossed Nicols of thin sections of (a) 
devit rifled vitreosil, and (b) quartz growing in a flint. 

Christ's Hospital, 

Horsham, Sussex. 


THE HYDROTHERMAL SYNTHESIS OF QUARTZ 
By L. a. Thomas,* Nora Wooster f and W. A. Wooster t 
Received 2M1 February, 1949 

The investigation, which we are now briefly reporting, was started late 
in 1942 when there was an acute shortage of crystalline quartz suitable 
for piezoelectric oscillators. The aim w^as to prepare artificial crystals of 
quartz large enough for commercial use. 

* Research Laboratories of The General Electric C >. Ltd., Wembley, 
t Brooklyn Crystallographic Laboratory, Cambridge. 
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In common with others our first step was to repeat the experiments 
carried out by Spezia in 1906. In his method a high-pressure container 
is used containing a solution of sodium metasilicate and sodium chloride 
which is replenished from lumps of crystalline quartz at the upper and 
hotter part of the container, a seed crystal being placed near the bottom. 
The pressure is developed hydrothermally, the temperature of growth being 
somewhat below 300° C. 

Spezia’s results were confirmed by us but at that time his method seemed 
too slow and an alternative was sought. It was soon found that silica 
glass is readily attacked by the Spezia solution and according to the 
pressure-temperature conditions it either devitrifies into a profusion of 
quartz crystals about a millimetre long or it passes into solution. First 
the devitrification aspect was pursued, attempts being made to restrict 
nucleation so that only one or two large crystals formed. Thus silica glass 
was used in various special shapes, such as a rod drawn down to a narrow 
neck, or with various protections surrounding all but a very small area. 
Experiments in which the silica glass was enclosed in a steel tube were 
unsuccessful but they confirmed that the silica glass is strongly attacked in 
the vapour phase. A protective coating of a special glass came nearer to 
success but there were difficulties due to differential expansion. Although 
abandoned on account of practical difficulties, the direct crystallization 
approach is mentioned here as it may still merit further examination later 
should some new factor arise. 

The other approach, in which the silica glass is used to replenish the 
Spezia solution as quartz is deposited on the seed crystal, led directly to 
the isothermal method ^ which is the basis of our present-day process for 
growing quartz. In place of Spezia's temperature difference a uniform 
temperature is used, the growth cycle being dependent on the much higher 
solubility of silica in the vitreous than in the crystalline form. It may be 
appropriate to observe that we have not discarded the possibility of a 
thermal gradient method using silica glass or perhaps silica in some other 
form as a raw material. However, our best results, including the artificial 
quartz from which we have cut satisfactory oscillator plates, have all been 
obtained under isothermal conditions. 

Experimental and Results 

The type of autoclave used is shown in Fig. i. In much of the earlier work 
they were made of mild steel except for the bolts and nuts which were of special 
heat-resisting steel. More recent practice is to use a special steel throughout. 
With routine care the mild steel lens ring provides a complete seal for pressures 
of the order 1000 atm. at a temperature of 360° C. The seatings on the body 
and lid of the autoclave are ground to conical surfaces so that with the spherically 
ground surfaces of the lens ring a line seal is formed. The autoclave shown 
has a nominal capacity of 500 ml. with a bore of 5 cm. When a new autoclave 
is put into service it not only must be thoroughly clean but it may be necessary 
to acid etch the interior walls. After the first two or three growth cycles, each 
of eighteen hours’ duration, a closely adherent layer of poly crystalline quartz 
forms on these walls and it is only then that the best growth of quartz is 
obtained. When used in rod form the silica glass is usually suspended above 
the seed ciy'stal, but when in the form of broken lumps it rests in the bottom 
of the autoclave. The silica glass used is of the transparent grade, translucent 
Vitreosil being unsuitable because it devitrifies very rapidly. Either silver or 
copper wire may be used for suspending the seed crystal and a copper disc is 
attached to the underside of the lid so that only the minimum of steel surface 
is exposed to the autoclave contents. 


^ Wooster and Wooster, Nature, 1946, 157, 297. 
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The solution used contains sodium metasilicate, of which a typical concen- 
tration is 50 g./L, and a mineralizing substance. The function of this minerahzer 
which is commonly potassium acid fluoride is to improve the crystalline perfection 
of the deposited quartz, and it possibly brings this about by retarding the 
attack of the silica glass. The chemistry of the growth cycle is difficult to 
investigate but it is known that alkaline silico-fluorides are produced and this 
hint of an intermediate reaction suggests that the mineralizer is not correctly 
described as a catalyst. Added weight is given to this view by the high optimum 
concentration, which for potassium acid fluoride is about 125 g./l. The choice 
of mineralizer was made after several possibihties had been investigated, 
including a number of alkalis, alkali halides, phosphates and tungstates. It 
is in this use of relatively high concentrations of vehicular substance and in 
the use of a minerahzer that the isothermal process described here differs from 
the isothermal process investigated independently by Prof. Nacken in Germany 
during the war years. 



Fig. I. — 500 ml. autoclave for the hydrothermal synthesis of quartz. 


The choice of the crystallographic orientation of the seed was made following 
experiments in which quartz was deposited on spheres of natural quartz. As 
shown in Fig. 2 the resultant crystal had pyramidal terminations with well- 
developed rhombohedral faces at both ends of a barrel-shaped prism. Further 
depositions on seed plates cut at various orientations supported the conclusion 
that plates cut parallel to the major or minor rhombohedral faces would be 
satisfactory as seed crystals. Much higher rates of growth are obtained on 
basal plane slices but it seems that growth of good crystalline quality is not 
obtained on such slices until complete pyramidal caps have been formed. Thus 
the isothermal process employs the deposition of layers of quartz on seed plates 
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substantially parallel to rhombohedral faces, although plates such as the BT-cut 
have been used which are as much as 12° removed from these faces. 

The building-up of the synthetic quartz layer has to be accomplished in 
successive growing cycles of 18 hr. each, in between which the autoclave has to 
be recharged with raw materials. Each 18-hr. run consists of some 5 hr. up 
to a temperature of 360° C where the autoclave is held for the remaining 13 hr. 
before allowing to cool. In this time the normal rate of deposition for good 
crystalline quality is loo mg./sq. cm. of seed surface, i.e., a total thickness 
increase of somewhat less than i mm. Thus, to obtain material for fabricating 
oscillator plates, entirely of synthetic quartz, about 5 successive depositions 
are necessary. This discontinuous feature of the process is a serious disadvantage 
which we are seeking to minimize or to overcome. The limiting factor is the 
rate of devitrification of the silica glass. There is an optimum charge of silica 
glass above which devitrification takes place before all the glass has dissolved. 
It is possible to increase the length of growTh cycle to about 48 hr. with a gain 
in the amount of quartz deposited but, above this, further time without 
recharging the autoclave appears useless. A series of photographs of some of 
the earlier synthetic quartz specimens is shown in Fig. 3. The top row illustrates 
the sequence in which an entirely synthetic slice is obtained by successive 
depositions of good quality quartz on a seed crystal, whilst the bottom row shows 
typical ways in which the process may fail under incorrect conditions. 

Late in 1945 our first synthetic quartz oscillator plate was mounted to operate 
at 150 kc./sec. but it had poor performance. Since then the isothermal process 
has not been modified in any important feature but the effects of the many 
variables have been explored in the course of several hundred experiments. 
Consequently the standard of reproducibility of the process has been so improved 
as to permit the production of synthetic quartz layers wiiich gi\e oscillator 
plates up to the standard of plates made from natural quartz. This statement 
needs the qualification that most of these plates have been made from R-cut 
material, and the experience with oscillator plates of other orientations is rather 
limited. Fig. 4 shows photographs of 8 Mc./sec. crystal units employing an 
R-cut and a BT-cut plate respectively, which have been made entirely from 
synthetic quartz. 

The problems associated with the need for providing oscillator })lates of any 
orientation demanded by the practical application cannot be disentangled from 
the problem of crystalline perfection and its dependence on seed orientation. 
Also, as is to be expected, the rate of quartz deposition on the seed is bound 
up wdth the quality. For example, the BT-cut oscillator plate shown in h'ig. 4 
was cut from a synthetic quartz layer deposited in a single run of 18 hr., during 
which the thickness increase was around 2 mm. In this instance the high rate 
of deposition has involved an appreciable lowering of crystalline (juality with 
consequent loss in activity of the finished oscillator unit. In general a growth 
rate of 250 mg./sq. cm. of seed surface can be obtained rej)roducibly in an 
T8-hr. run, but only at the expense of good crystalline quality. The crystalline 
perfection of the synthetic quartz layer has been examined in several typical 
instances using various X-ray methods which have been described elsewhere. ^ 
Omplementaiy^ to such an examination is the visual and microscopic inspection 
for mechanical faults or inclusions. We stress this part of the examination 
as quartz which is otherwise of a high crystalline quality may be useless for 
oscillator purposes owdng to a single very slight flaw or bubble. 

The considerations of the preceding paragraph have led the investigation 
more and more towards a study of the growth mechanism in the hydro- 
thermal synthesis of quartz. Seed orientation and surface texture, solution 
compositions and rate of synthetic quartz deposition are the main factors 
under consideration. At the same time we arc continuing with an investi- 
gation of alternative methods of growing quartz in parallel with the main 
effort on our standard process. 

It is a fair statement that crystals of quartz can now be grown on a 
laboratory scale which make satisfactory oscillator plates. Apart from the 

* Wooster and Macdonald, Acta Cryst., 1948, i, 49. 
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Fig. 4.— Synthetic <iuartz 8 Mc./sec. oscillator plates. UT-cut (left), K-cut (right). 






Fig. I. — I’ericlasf (MgO) crystals in glass. ( ^ 230) 


To face page 345 ] 



L. A. THOMAS, N. WOOSTER AND W. A. WOOSTER 


345 


practical aspect, however, valuable knowledge of the fundamentals of crystal 
growth is being gained. Also we have a means of preparing quartz having 
special properties. Thus an amethyst-like quartz has been grown using 
an added manganese impurity, and experiments have been conducted in 
the preparation of twinned quartz or quartz with lineage structure. It may 
well be that the investigation of such side issues is as valuable as the 
preparation of artificial quartz for piezoelectric use. 

Research Laboratories, Brooklyn Crystallographic Laboratory, 

The General Electric Co, Ltd., Cambridge. 

Wembley. 


PROBLEMS OF CRYSTAL GROWTH IN BUILDING MATERIALS 
By F. M. Lea and R. W. Nurse 
Received ist February, 1949 

The growth of crystals is of interest in various directions in the study 
of building materials and structures. The present paper will be limited 
to problems arising in the manufacture of building materials and to some 
crystalline changes which arise subsequently when the material is in use. 

Crystallization at High Temperatures. — Industrial materials such 
as slags and cements are i)roduced by sintering or fusing the raw materials 
at high temperatures, and there is considerable technological interest in 
the extent and manner of crystal growth. With slags and high alumina 
cement the mix becomes completely molten and crystallization takes place 
from the liquid phase, but with Portland cement only some 20-30 % of 
the mix becomes liquid and crystal growth occurs both as a result of solid- 
liquid reactions and of direct crystaUization from the liquid. 

The study of the phase equilibria diagrams is an essential feature of work 
on crystal growth in such materials for it enables the order of appearance 
on cooling of different crystals to be defined and the effect of departures 
from equilibrium to be traced. The complicated crystallization paths which 
can arise in polycomponent silicate systems have been discussed by various 
authors.^ ^ They frequently involve disappearing phases and produce 
typical crystalline structures such as eutectic and peritectic patterns, corroded 
crystals and zoning, etc. Attention has also been drawn to the possibility 
of “ independent crystallization of the liquid phase taking place when 
the cooling process is rapid or involves two or more distinct stages.^ The 
final structure in such cases of frozen equilibrium can be predicted from 
the phase equilibrium diagrams.® 

Crystallization from the Melt. — A most noticeable effect in poly- 
component silicate and aluminate systems is the tendency of particular 
compounds when crystallizing from the melt to appear as spheres (Fig. i). 
This effect is not related to the symmetry, being very obvious in the case 
of 2Ca0.Si02, which has quite low symmetry. Optically the crystals 

^ Bowen, The Evolution of the Igneous Rocks (Princeton, 1928). 

* Hall and Insley, Phase Diagrams for Ceramicists (Amer. Ceram. Soc., 1947). 

* Lea and Parker, Phil. Trans., 1934, * 34 » i- 

* I-ea and Parker, Building Research Tech. Paper No. 16 (H.M. Stationery Office, 1935). 

® Parker and Nurse, /. Soc. Chem. Ind., 1939, 58 , 255. 
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appear to be single individuals and it is only at a later stage when the 
crystals are larger, or under conditions of slower growth, that normal faces 
and forms appear. It is generally considered ® that curved or vicinal faces 
arise when steep concentration gradients exist in the solution or when the rate 
of diffusion is low. This can result from a high viscosity of the melt or from 
a high rate of crystallization. Spherical growth does not occur in melts 
of high silica content such that glasses are readily formed, but it is charac- 
teristic of compounds such as CaO, MgO, 2Ca0.Si02 and 3Ca0.Mg0.2Si02, 
and to a lesser extent 3Ca0.Al203 and 5Ca0.3Al203, which either do not 
form glasses or are easily devitrified. Spinel, which readily forms a glass, 
always develops as minute octahedra (Fig. 2). If instability of the glassy 
state is to be associated with a high crystallization rate it would appear 
that the latter, as well as the viscosity of the melt, is an important factor 
determining the growth of spherical crystals. 

Growth of crystals by a solid-liquid reaction does not lead to spherical 
forms. Thus 3Ca0.Si02 formed in this way shows its true S5mmetry, but 
small crystals grown from a suitable melt are often spherical. 

Minerals differ much in their rate of crystallization, and this frequently 
leads to complication of the crystallization path and to changes in the 
form of crystal growth. Where an incongruently melting compound occurs 
in a system the phase first crystallizing may react with the liquid at a 
definite temperature to form a new species. Frequently the new crystal 
grows at such a rate that the dissolving primary crystals are enveloped 
and excluded from contact with liquid, so that on complete solidification 
the second phase may still contain inclusions of the first. Typical cases 
are inclusions of CaO in 3Ca0.Al203 (Fig. 3) and MgO in monticellite. If 
such a formation is held for a sufficient length of time at a temperature 
just below the saturation temperature of the second phase the inclusions 
disappear. The rate of diffusion in solid phases at such temperatures must, 
therefore, be quite high. 

Growth of Single Crystals. — Work on the X-ray structure of cement 
minerals has been hindered in the past because the low symmetry neces- 
sitates single crystal determinations, and methods for growing the crystals 
had not been devised. Many of the minerals melt incongruently or, as in 
the case of 3Ca0.Si02 decompose below the melting point, and cannot, 
therefore, be grown from melts of their own composition by conventional 
methods. Attempts to encourage crystallization by the addition of mineral- 
izers have sometimes been successful, but many failed because not enough 
was known of the crystallization paths in complex systems. Le Chatelier, 
for instance, was unable to crystallize 3Ca0.Si02 from melt containing 
CaClg. This subject has been taken up again by one of the present authors ^ 
and single crystals of pure 3Ca0.Si02 up to i mm. and 3Ca0.Si02 solid 
solution up to 5 mm. in length have been grown. Twinned crystals of 
p 2Ca0.Si02 up to I cm. long have also been obtained (Fig. 4 and 5). The 
method used for 3Ca0.Si02 is briefly as follows. 

Fig. 6 is a schematic diagram of the system CaO — zCaO.SiOg — CaClg. 
A composition such as denoted by B (35 % 3Ca0.Si02, 35 % y zCaO.SiOg, 
30 % CaClg) was made up from the previously reacted silicates. A total 
weight of 5 g. of the mixture was heated in the electric muffle at a temperature 
of 1500® C in a platinum crucible 2*5 cm. diam. and 2*5 cm. tall. After 
a period of about 4 hr. most of the chloride had evaporated ; the melt was 
then cooled in air and dusted owing to the inversion of 2Ca0.Si02. 

• Wells, Ann, Reports, 1946, 84. 

’ Nurse, 215/ Cong, Ind, Chem. (Brussels, 1948). 



Fk.. 2. Spinel (MfiO-AIjOg) crystals in glass. ( x 250) 



Fig. 3.— Inclusions of CaO in aCaO.Al^Oj. (x 250) 
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Fig. 5 .--~Twinned crystals of p 2CaO.Si08. ( X 20 ) 
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The large crystals of 3 Ca 0 .Si 0 a were then separated by washing with 
alcohol on a 300-mesh sieve. 

Neglecting the decomposition and oxidation of CaClg into CaO and Clg, 
the melt composition follows the line BA in Fig. 6 and eventually passes 
into the 3Ca0,Si02 primary phase field. Crystals of 3Ca0.Si02 begin to 
form when the 1500® C isotherm is reached and since the melt is then losing 
both CaClg and 3Ca0.Si02, the melt composition follows the isotherm 
towards the 2Ca0.Si02 field. When all the chloride has evaporated the 
melt has composition A and consists of large crystals of 3Ca0.Si02 and 
2Ca0.Si02. Similar methods have been used to prepare single ctystals 
of a new compound 3Sr0.Si02 from the oxides and SrClg. It is not 
isomorphous with 3Ca0.Si02.® 

The successful preparation of spinel boules in the Verneuil furnace suggests 
that it should be possible to grow single crystals of congruently melting 
compounds, such as CaO.AlgOa, i2Ca0.7Al203, 4Ca0.Al203.Fe203, by this 
method and it is hoped to attempt this shortly. 

CaaSl04 (2130''C) 


Primary Phase 
htLo OF CajSiOs 


CaO (3570*0) CaCU (780*c) 

Fig. 6. — System CaO— 2CaO.SiO»~CaClj. 

Crystallization from the Glass. — Most studies of crystallization from 
the glassy state ^ have been carried out on commercial glass compositions. 
In such cases it has been assumed, and sometimes confirmed experimentally, 
that the phase crystallizing is that to be expected from the relevant phase 
equilibrium diagram. A number of observations, for which there is as 
yet no connected theory, indicates that this is not always the case. 

In the crystallization of high alumina cement melts a large amount of 
a phase which is known as unstable 5Ca0.3Al203 * (Fig. 7) often appears. 

Rankin and Wright found that both 5Ca0.3Al203 and 3Ca0.5Al203 occurred 

® Nurse, unpublished data. 

•Morey, Properties of Glass (Rheinhold Pub. Corp., 1938). * 

Morey, Trans. Faraday Soc., 1941, 37, 209. 

* There seems to be little doubt that the stable phase identified by Rankin and 
Wright in the system CaO — AlgOg is laCaO.yAlgOs and not 5Ca0.3Al208. However, 
for the sake of clarity, the older designation will be used. 
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in unstable forms under certain conditions of cooling during their studies 
in the system CaO - AlgOg. Sundius separated a mineral from high 
alumina cement clinker which corresponded closely in optical properties 
to Rankin and Wright's unstable sCaO.sAlgOa ; the separation was not 
complete and his analysis showed that the mineral might be 3Ca0.2Al203. 
Recent experiments at the Building Research Station indicate a composition 
higher in lime as being more likely, but still not conforming in composition 
to any compound known in the system CaO - AlgOg. Dyckerhof obtained 
“ unstable sCaO.ALOg " by annealing glass of that composition at about 
1000® C. These experiments have been repeated at the Building Research 
Station, but owing to the dendritic nature of the crystals (Fig. 8) it was 
not possible to determine whether any glass remained. It was found, 
however, that the ‘‘ unstable compound was formed only below 1020®. 
The crystals in high alumina cement clinker are so well developed that it 
is difficult to believe that they are derived from devitrification of a glass ; 
they frequently occur in association with the stable form. 

A possible explanation is that a low-temperature stable form of 5CaO.— 
3AI2O3 exists, or that at low temperatures 5Ca0.3Al203 decomposes into 
CaO.AlgOg and 2Ca0.Al203, but there is little evidence to support this since 
crystalline 5Ca0.3Al203 cannot be converted to the unstable form by 
annealing at any temperature. Furthermore the new species should crystallize 
from the melt in any polycomponent system in which the liquidus tem- 
perature fell below the decomposition or inversion temperature of the normal 
form of 5Ca0.3Al203. Liquid temperatures in the system 5Ca0.3Al203-- 
NagO.WOa fall below 1020®, but the primary 5Ca0.3Al203 still occurs in 
the stable form.® There is some solid solution, however, so there is a 
possibility that the inversion (decomposition) temperature has been lowered. 

If these aluminates prove to be truly metastable phases, this phenomenon 
may be of some interest in connection with recent studies of glass structures. 
Luicesh has suggested that structure phases " are formed in glass 
approximating, in the case of silicate glasses, to mica amphibole and pyroxene 
Si/0 ratios, and havmg no relation to the composition of the phases formed 
on crystallization under equilibrium conditions. It is of interest also to 
note here that the glass of 5Ca0.3Al203 composition has unusual properties 
showing a refractive index of 1*66 above that of stable 5Ca0.3Al203 crystals 
(i*6i) but below that of the unstable crystals (1-69). 

The effect is not confined to the system CaO-AlgOs. Brownmiller 
was the first to draw attention to the formation of metastable phases from 
glasses of compositions likely to be found in quickly cooled Portland cement 
clinker. Here again it appears possible that a corresponding mineral is 
sometimes found in thin sections of Portland cement clinker as a prismatic 
interstitial compound which according to Bogue is unstable and formed 
only under unusual cooling conditions. 

Bowen, Schairer and Posnjak report an interesting observation on 
wollastonite. The inversion from high-temperature pseudo-wollastonite to 
low-temperature wollastonite is so sluggish that, once formed, it is almost 
impossible to convert it to the low-temperature form. The latter is, 
therefore, normally prepared by annealing glass at below 1150® C (the 
inversion temperature) . These authors found that on annealing the powdered 
glass pseudo-wollastonite was obtained, whereas annealing a lump of glass 

Sundius, Symposium on Chemistry of Cement (Stockholm, 1938), p. 393. 

Dyckerhof, Zement, 1924, 13 (34), 400. 

Lukesh, Science, 1946, 104, 199 ; Amer. Miner,, 1948, 33, 76. 

Brownmiller, Amer, J. Set., 1938, 35, 241. 

Bogue, The Chemistry of Portland Cement (Rheinhold Publishing Co., 1947), p. 132. 

Bowen, Schairer and Posnjak, Amer. J . Sci., 1933, a6, 207. 




Fig. 7. — Unstable 5Ca0.3Al2()3 in Iii.i4h-alumina cement clinker. (:< 50) 



Fig. 8. — Annealed glass of composition 5Ca0.3Al203 (crossed polars). (x 230) 
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Fig. 9. — Section of twinned p 2Ca0.Si02 crystal (crossed polars). (x 50) 
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yielded the expected low-temperature wollastonite. These experiments 
when repeated by the present authors yielded the low-temperature form in 
both cases. The effect observed by Bowen is probably connected with the 
incomplete removal of pseudo-wollastonite nuclei from the glass, but, what- 
ever the explanation for the beginning of crystallization, there seems to be 
no doubt that, once begun, the crystallization of pseudo-wollastonite continues 
at temperatures well below the inversion temperature. 

The practical problem in building material manufacture is frequently 
the inverse of that considered here ; namely, a study of the glassy condition 
and its influence in the properties of the product. The effect of glass 
formation in Portland cement clinker has been discussed by Parker.^^ In 
high alumina cement a low strength is often associated with excessive glass 
formation. On the other hand in granulating blast-furnace slag for cement 
production the maximum conversion to the glassy form is desired and this 
places an upper limit on the lime content of slags used for this purpose, 
since otherwise crystallization cannot be inhibited by rapid cooling. 

Recrystallization in the Solid State. — Growth of new crystals takes 
place during the decomposition or recombination of compounds to form 
new species on heating, by the decomposition on cooling of compounds 
which are stable only at high temperatures, and by inversion of polymorphic 
forms of one mineral. 

An example of the former is the formation of 3Ca0.Si02 on heating a 
mixture of CaCOa and SiOg. After the decomposition of the carbonate 
the orthosilicate zCaO.SiOa is first formed, even if the temperature is above 
1275° C, below which zCaO.SiOg and CaO are the stable phases. Tricalcium 
silicate is formed only after prolonged heating ; an atmosphere of steam 
^ accelerates the combination. Although crystals of 3Ca0.Si02 formed in 
* this way are only a few microns in size, good crystal faces are developed. 

The same compound may be used as an example of the second type of 
reaction. Below 1275° C it decomposes in the solid state into CaO + 
zCaO.SiOa. The onset of the reaction is seen as a development of turbidity 
within the tricalcium silicate grain which is resolved on further heating into 
birefringent specks of 2Ca0.Si02 and minute, rounded CaO crystals. The 
reaction takes several hundred hours to complete at 1250° C and even after 
this time the reaction products arc imperfectly crystallized. 

As might be expected from the high temperature at which they are 
formed, cement and slag minerals frequently show polymorphism. A new 
form of 3Ca0.Si02 has been found by Bernal as a result of X-ray examination 
of single crystals prepared by the technique developed by Nurse.’ The 
crystallographic relations between the various forms of zCaO.SiOg on 
inversion have been discussed by Tilley who has also discovered a new 
high-temperature form. Twinning in such compounds has been related to 
the polymorphism and Parker and Ryder conclude as a result of an 
empirical correlation of microscopic structure with dusting of blast-furnace 
slags that twinning is characteristic of those forms of 2Ca0.Si02 which 
are likely eventually to invert to the y form. Twinning may also presumably 
arise as a result of stresses imposed by the cooling conditions, as well as 
from inversion. The twinned crystal of zCaO.SiOg shown in Fig. 9 was 
grown from melt entirely in the temperature range at which the p form 


Parker, J. Soc. Chem. Ind., 1Q39, 38, 203. 

Parker and Nurse, Granulated blastfurnace slag for cement manufacture. Building 
Research Technical Paper (H.M. Stationery Office) (in press). 

** Tilley, Miner. Mag., 1948, 28, 255. ^ 

Insley, Flint, Newman and Swenson, J. Res. Nat. Bur. Stand., 1938, 2t, 355. 
Parker and Ryder, /. Iron Steel Inst., 1942, a, 21P. 
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is stable, but there is no evidence to show whether the twinning existed 
before cooling the crystal to room temperature. 

During the inversion of p to y 2Ca0.Si02 an intermediate condition has 
been observed when the optical properties are partly those of one and partly 
of the other phase.^i Such metaphases '' have been reported for a number 
of solid phase reactions. Eitel 22 has shown by means of electron microscopy 
and electron diffraction that, at any rate in a number of cases, there is no 
true intermediate phase, but that nuclei of the new phases form at definite 
points in the lattice of the decomposing phase, giving rise to anomalous 
optical properties. 

Crystallization in Aqueous Systems. — The crystallization of solids 
in aqueous solutions is an important factor in the cementing of materials 
and under certain conditions in causing disruption. 

The setting of plaster can be regarded as one of the simplest cases of 
growth of crystals which interlock and cement into a solid mass. Though 
the reaction 

CaS 04 .^H 20 + 1 JH 2 O = CaS 04 . 2 H 20 
is accompanied by a decrease in volume of over 7 %, a mass of plaster 
expands on setting, leaving voids in its interior. The magnitude of the 
expansion, which is influenced by various factors and particularly by the 
presence of small amounts of other agents, usually falls within o-i to i*o % 
(linear). There is an initial stage while the mass is still very plastic in 
which a small contraction appears, but this is soon superseded by the 
expansion which runs roughly parallel to the rate of hydration. It is 
generally held that in the initial stage before the plaster acquires rigidity 
the crystals are free to move without restraint, but that as soon as a rigid 
structure is formed, unidirectional growth under conditions of restraint causes 
the observed expansion. Recent unpublished work by Andrews at the 
Building Research Station has shown that the degree of expansion is related 
to the crystal habit assumed by the gypsum. With a medium, such as 
water, in which the gypsum crystals grow in acicular form, a high expansion 
is normally found (Fig. 10), while in the presence of additions which lead 
to crystallization of the gypsum in less-elongated and broader forms the 
expansion is low (Fig. ii). The growth of crystals against a unidirectional 
stress seems to demand more study, since in the few recorded measurements 
the forces developed are generally small. An exception appears in the forces 
recorded by Correns and Steinbom with crystals of potassium alum, 
but Schubnikow ^4 for the same case found only very small forces. It is 
clear on thermodynamical grounds that when a longitudinal compressive 
stress is applied to a crystal, without pressure on the surrounding solution, 
the solubility will be increased more at the stressed face than at the free 
faces. In the case of the setting of plaster there exists a considerable degree 
of supersaturation of the solution but no apparent relation between that 
degree and the form of the crystal growth. 

Le Chatelier long ago advanced the general theory that cementing action 
occurred by crystal growth when a system of anhydrous constituents unstable 
in water reacted to produce a solution which was supersaturated with 
respect to the stable system of hydrated products. This applies to calcium 
sulphate plasters and to cements, though in the latter case the relative 
. parts played by costal growth and surface forces of gelatinous constituents 
has long been subject to controversy. An interesting example of cementing 

** Eitel, Preussische Akad. IViss., 1943. Math, Naturw,, KlasseNo. 5, Berlin, 1944. 

” Correns and Steinbom, Z. Krist., 1939, 101, 117. 

** Schubnikow, Z, Krist., 1934, 8®. 4^6. 

** Goranson, /. Chem, Physics, 1940, 8, 323. 
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action resulting from the transformation of a monotropic anhydrous com- 
pound to its stable form has been cited by Ilchenko and Lafuma.^® The 
solubility of aragonite in water is slightly greater than that of calcite and 
a finely ground powder of the former was found to set very slowly with 
water owing to the growth of calcite crystals. 

The conversion of one crystalline compound to another can also have 
destructive effects. The hydration of high alumina cement at normal 
temperatures leads to the formation of 2CaO.Al2O3.8H2O and gelatinous 
alumina. The hydrated calcium aluminate, which is formed as pseudo- 
hexagonal plate and needle crystals, is metastable with respect to the cubic 
compound 3CaO.Al2O3.6H2O, but at iS"" it remains stable indefinitely. 
At higher temperatures (35° — 50°) the inversion occurs within weeks, with 
liberation of hydrated alumina. Though accompanied by an increase in 
density and reduction in solid volume the change causes a loss of some 
70-80 % of the strength of the set mass.^’ The initial strength development 
at 45° is also lower than at 18° indicating the poorer binding action of cubic 
crystals compared with more elongated forms. A similar effect has been 
found by Andrews with gypsum plasters where the higher strengths are 
associated with the more elongated forms of the gypsum crystals. 

As another example of crystal transformation causing disruption, there 
may be cited the action of calcium sulphate solutions (or other soluble 
sulphates) on the hydrated alumina compounds present in set Portland 
cement. The compound 4Ca0.Al203.i3H20, or certain solid solutions which 
it forms, reacts with calcium sulphate to form 3Ca0.Al203.3CaS04.32H20. 
The former compound occurs as hexagonal plates and the latter as elongated 
hexagonal needles. The increase in solid volume which results is accom- 
modated not by growth into existing pore spaces but by an outward thrust 
causing disruption of the solid mass. Lafuma has suggested that the 
expansion is due to the low solubility of the compounds involved and direct 
growth from the original hydrated calcium aluminate crystals in situ rather 
than by passage into and growth from solution. An analogy may be drawn 
with the high pressures that can be created within a porous material con- 
taining a saturated solution of sodium sulphate and the anhydrous salt 
when the temperature is reduced below the transition point of the hydrated 
decahydrate.*® 

These various examples add emphasis to the comment made earlier on 
the need for more study of the growth of crystals under stress and reinforce 
the conclusion drawn by Wells ® that more systematic work is needed on 
the factors which determine the relative rate of growth of different crystal 
faces. 

Building Research Station, 

Department of Scientific and Industrial Research, 

Garston, Watford, Herts, 


•• Ilchenko and Lafuma, Chim. et Ind., 1937, 3 ®* 43^. 

Lea, J, Soc, Chem, Ind,, 1940, 59, 18. 

*® Lafuma, Rev. Mat. Const., 1929, 243, 1929 ; 1930, 244, 4. 
*® Bonneil and Nottage, J. Soc. Chem. Ind., 1939, 58, lo. 
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THE GROWTH OF PERICLASE CRYSTALS AND ITS 
IMPORTANCE IN BASIC REFRACTORIES 


By E. B. Colegrave, H. M. Richardson and G. R. Rigby 
Received yth February, 1949 

Although crystal growth is regarded as an important factor influencing 
the mechanical properties of ceramic bodies, there appear to be few, if any, 
investigations which have been made specifically to study this point. It 
has been suggested that a high mechanical strength in certain porcelain 
bodies is due to the growth of muUite crystals which can interlock owing 
to their acicular habit. In general, however, crystallization from a glass 
phase is accompanied by a deterioration in mechanical properties, and the 
larger the individual crystals, the more marked is the reduction in strength. 
This latter point is generally appreciated in the fabrication of high- temperature 
oxide materials by the process of sintering, the problem being to reduce 
the pore spaces while avoiding marked crystal growth. There is one 
refractory material, however, magnesia, which is preheated before use in 
order to encourage large crystals to develop. Commercial magnesite 
when made into bricks or blocks finds important industrial applications 
in the linings of basic steel furnaces, copper-refining furnaces, rotary cement 
kilns and metal mixers for pig iron. It is obtained by calcining either 
the natural carbonate rock or magnesium hydroxide obtained by decomposing 
the magnesium salts present in sea water. During this calcination the 
carbonate or hydroxide is decomposed to the oxide at temperatures below 
800° C, but this so-called caustic magnesia is unsuitable for refractory 
uses, as bricks made from the material would possess excessive volume- 
shrinkage on being subjected to steel-making temperatures; further the 
bricks would hydrate fairly rapidly on exposure to the atmosphere which 
would cause them to crumble. The magnesia of the refractories industry 
has therefore to be calcined to a temperature of around, or above, 1600° C 
before being pressed into bricks, this high-temperature calcination being 
referred to as dead-burning. It has been known for many years that the 
dead-burning obviated excessive shrinkage and hydration tendency, the 
process generally being accompanied by a marked increase in specific gravity 
as determined by the conventional density bottle method. This increase 
in specific gravity between calcining at 1300° C and 1600° C was at one 
time thought to be due to the oxide altering its crystalline form, but X-ray 
analysis has subsequently shown that this is not the case, the effect of 
increasing the calcination temperature being to increase the size of the 
individual periclasc crystals, the lattice remaining unchanged. Neverthe- 
less, the specific gravity determination is often used as a criterion of the 
degree of dead-burning which the material has received. It has been known 
for many years that impure magnesite rock is more readily dead-burnt 
than the purer carbonates. The magnesite rocks from Styria are of the 
breunnerite type and contain from 5 % to 30 % of ferrous carbonate in solid 
solution with the magnesite. These sources supply an excellent dead-burnt 
oxide, whereas the purer Grecian magnesites are more difficult to dead-burn 
and the resulting oxide may still possess a residual shrinkage. The effect 
of impurities on the rate of crystal growth of the periclase crystals is a 
problem ha\dng practical applications, and when Germany, before the 
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Fig. I. — Rounded periclase crystals in a 
magnesia grain. ( X 40) 



p'lQ, — The small crystals have lost their 
identity and cleavage has developed 
in two directions, (x ;o) 



Fig. 5. — Periclase crystals from the 
working face of a brick after use. 
(X 66 li) 
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Fig. 2. — Periclase crystals showing the 
disappearance of boundaries and the 
development of cleavage. ( x 40) 



Fig. 4. — Pcriclasi^ crystals from the 
cooler face of a brick alter us(‘ 
(X 66^) 



Fig. 7. — Periclase crystals with numerous 
small inclusions of magnesioferrite. 
(X 106) 
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annexation of Austria in 1936, banned the import of Austrian magnesite, 
patents were taken out to encourage crystal growth of the purer magnesites 
by additions of calcium and magnesium ferrite. 

The sizes of individual periclase crystals in magnesite refractories can be 
readily measured by examination of a thin-section under the microscope. 
Chesters, Clarke and Lyon ^ found that the average diameter of periclase 
crystals measured by this means agreed well with the size obtained from 
a study of X-ray back-reflection photographs. These authors found that 
various commercial magnesite bricks contained crystals of an average 
diameter o-6 to o*8 mm. Later Jay and Chesters, ^ examining a range of 
magnesite bricks, found a wide variation in crystal size, although in any 
given brick the size was fairly uniform. In such bricks the periclase crystals 
are usually rounded as shown in Fig. i but after receiving more severe heat 
treatment one or more cleavages are developed, the crystals at the same 
time increasing in size (Fig. 2). Finally, the crystal may show well-defined 
cleavage cracks in two directions as shown in Fig. 3. 

The significance of the crystal growth and development of cleavages 
which usually occurs at the face of a magnesite brick exposed to severe 
temperatures over long periods as well as to the action of slags and vapours 
is not known with certainty. Jay and Chesters ^ have suggested that this 
crystal growth may lower the resistance of the material to withstand sudden 
temperature changes without cracking although the development of cleavages 
may have the reverse effect. Fig. 4 and 5 illustrate the growth which 
can occur in the individual periclase crystals composing a magnesite brick 
during service ; the periclase crystals in Fig. 4 taken from the colder face 
of the brick after service are probabty of the same order of magnitude as 
those in the brick before use, but it can readily be seen from Fig. 5 that 
the periclase crystals at the hot face have increased appreciably in size 
and have developed a distinct cleavage. 

The Effect of Temperature and Impurities on Crystal Growth. — 

Measurements of the variation in crystal growth of periclase crystals 
with calcining temperature have been made by several investigators. Lctort 
and Halm ^ selected a product from sea water containing 2*5 % CaO, 0-5 % 
SiOg, 0*5 % FegOy and o-io % AlgOg and measured the crystal growth by use 
of the microscope. A general increase in crystal size was noted as the 
calcination temperature was raised from 1600^' to 1800° C. Growth also 
occurred on increasing the time of heat treatment, as on maintaining a 
temperature of 1800"^ C for one hour the crystals increased in length from 
10-15 y- to 35-40 fx. The (‘fleet of impurities in promoting crystal growth 
has also received attention, Letort and Halm ^ found that additions of 5 % 
FcgOg and 3 % SiOg to the sea-water magnesia resulted in periclase crystals 
6(3-70 (X and 50-60 (x in length respectively on heating for one hour at 
1600° C, whereas if no additions were added the crystal size remained at 
25-30 These investigators also observed that a reducing atmosphere 
promoted crystal growth. The importance of kiln atmosphere on the 
structure of magnesite refractories was also emphasized by Krause and 
Ksinsik ^ although they consider that, in the dead-burning process, atmo- 
sphere is only of secondary importance. Jay ® has used X-ray methods to 
estimate crystal size, and the graph Fig. 6 shows the variation in crystal 
size with temperature for three different magnesites. Sample i had a very 

* Chesters, Clarke, and Lyon, Trans. Brit. Ceram. Soc., 1935, 34, 243. 

* Jay and Chesters, Trans. Brit. Ceram. Soc., 1938, 37, 218. 

® Letort and Halm, Chim. et Ind., 1947, 58, 537 

^ Krause and Ksinsik, Feuerfest, 1932, 8 , 6, 

* Jay, /. Sci. Insir., 1941, x8, 81. 
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low content of impurities while sample 3, on analysis, contained 5 % of 
oxides other than magnesia. 

Tentative theories have been suggested from time to time to try and 
explain the mechanism by which certain impurities foster crystal growth. 
Both Letort ® and Konopicky ® consider that ferric oxide is combined as 
magnesioferrite which is soluble in the periclase crystals at high temperatures, 
although this may be precipitated on cooling. When magnesite refractories 
are exposed for considerable periods to ferruginous slags, the surface of the 
brick may consist of magnesioferrite with magnetite in solution, but 
immediately behind this layer it is common to find large periclase crystals 
containing minute inclusions of magnesioferrite, which have presumably 
been deposited from solution on cooling (Fig. 7). Periclase and magnesio- 
ferrite both crystallize in the cubic system though the cell size of MgO is 
only half that of the spinel. Tanaka ^ found that titanium dioxide additions 



Fig. 6. 


also facilitated the sintering of magnesia, and he attributed this to the 
formation of magnesium orthotitanate which also has a spinel structure. 
Theories based on solution effects promoting crystal growth, however, 
cannot be used to explain the mineralizing effect of silica and Ume, as it is 
unlikely that these oxides form minerals which are soluble to any extent 
in the periclase crystals, and Krause and Ksinsik ^ have stated that the 
effect of iron oxide on the dead-burning process is less than that of lime 
or silica. It is, of course, possible that at high temperatures, iron oxide is 
in solution in the periclase crystals as FeO since FeO and MgO are com- 
pletely miscible in all proportions in the solid state, and that the marked 
defect structure of FeO might promote crystal growth. It has been shown 

• Konopicky, Ber, dt. Keram, Ges,, 1937, *8, 97. 

^ Tanaka, J, Soc, Ckem, Ind., Japan, B, 1939, 43, 202. 
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that at high temperatures magnesioferrite is partly decomposed owing to 
loss of oxygen. The effect of a reducing atmosphere in enhancing crystal 
growth could be explained by any theory which postulated the partial 
dissociation of magnesioferrite to FeO followed by its reformation on cooling, 
and it is probable that measurements of oxygen pressures in the MgO-FeO- 
FegOg system would provide useful confirmatory data. 

Recent data obtained by the authors on the eiffect of growth of the 
periclase crystals with (a) temperature and (6) additions of ferric oxide are 
given graphically in Fig. 8. 

The magnesite was a natural rock which on calcination contained only 
3*56 % SiOg, 0-40 % FegOg, 074 % AlgOg, o-66 % CaO and 2-12 % alkali 
metal oxides as impurities. The ferric oxide additions were introduced as 



Temperature 

Fig. 8. 


ferrous oxalate which was dry-ground with the magnesite rock after a 
preliminary calcination at 800° C. The results showed that a large increase 
in crystal size was observed as the calcining temperature was raised from 
^SSo'^C to 1450° C. 

The Effect of the Growth of Periclase Crystals on (1) the Volume 
Shrinkage, (2) the True Specific Gravity and (3) the Hydration, 
Tendency. — ^The authors have investigated the volume shrinkage undergone 
by magnesia on heating at various temperatures up to 1600® C by measuring 
the diameters of standard cylinders made by compressing the powdered 
magnesia calcined to 800° C. The effect of additions of FegOg up to a 
maximum amount of 5 % was also studied and the results given in graphical 
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form in Fig, 9. It may be observed that maximum shrinkage occurred 
over the range 1350° to 1450® C, but the specimens were stfll shrinking 
at 1600® C. 

The true specific gravities as determined by displacement methods of 
various commercial dead-burnt magnesites may vary from 3*56 to 3*65, 
Jay and Chesters ^ have emphasized that the crystal size, and therefore the 
degree of dead-burning of the magnesite, bore no simple relation to the 
specific gravity unless a correction was first made to allow for the iron 
oxide content of the brick. When using specific gravity values as a criterion 
of dead-burning it is usual to assume an increase of o*oi in the specific 
gravity for each per cent, of FegOg in the magnesite analysis. According 
to calculations made from X-ray photographs the theoretical density of 



pure magnesia is 3-58 and this does not alter with the temperature of calci- 
nation. In the above samples, the variation in specific gravity with the 
temperature of calcination as determined by density bottle measurements 
ranged from 3*490, with no addition on calcining to 1200° C, to 3*607 with 
the addition of 5 % FcgOg after a calcination to 1600° C. These data can 
only be reconciled with the X-ray results by assuming that at low tem- 
peratures of calcination the magnesia contains micro-pores to which the 
penetrating liquid used in the density bottle cannot gain access. Micro-pores 
enable lightly calcined magnesia powder to be used as a thermal insulator, 
and their disappearance on increasing the calcining temperature is accom- 
panied by an overall volume shrinkage. 

The relationship between calcination temperature and hydration tendency 
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is given by the curves in Fig. 10. The hydration tendency is 
bv exposing the finely powdered magnesia to steam at 100 C for 5 nr., 
<imn?finaUy to 110“ C and determining the loss P weight on igniting the 
Spll It will be observed that a sharp decrease in the Iiyd^tion tenden^ 
occimed as the calcination temperature was raised from 1300 to 1400 C. 

Conclusions.— It will readily be appreciated that previous P'^®®*^^Sntions 
on the changes taking place during the dead-burning at 

made mainly with the practical object of obtainmg a ^^ter p , 
lower cost. Among the more theoretical aspects which require furth 



Fig. 10. 


elucidation are the mechanism by which crystal to 

promoted by certain mineralizers, and the si^ificance to be attached t 
the development of cleav^e planes on subjecting penclase crystals to high 
temperatures for long periods. 

The authors are grateful to the Director of the British Cer^c Research 
Association, Dr. A. T. Green, O.B.E., for permission to publish this paper. 


British Ceramic Research Association, 
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Mr. Y. Haven {Eindhoven) said : Several authors reported that impurities 
may be useful in making good crystals. We, too, have made several good, single 
LiF crystals from a melt to which MgF* (up to a few o*i %) was added, in 
contradistinction to Prof. Stockbarger’s experiences who stated that the LiF 
should be of the utmost purity. 

The influence of the impurities may be discussed in the following way. On 
the one hand, for lattice defects in ionic crystals (in most cases, vacant lattice 
sites) the law of mass action should be approximately vahd, i.e., the product 
of the concentrations of vacant Li+ sites and vacant F' sites in LiF should be 
a constant so that one may decrease the number of vacant F' sites by increasing 
the number of vacant L+ sites (e.g., by substituting 2Li+ ions for i Mg+++ i 
vacant site). 

On the other hand, one kind of ion may often take a dominant part in building 
up an ionic lattice, thus the negative ions often form the lattice framework, the 
positive ions having only a more or less supplementary function. This mani- 
fests itself by the fact that it is often far more difficult to replace the negative 
ions than to replace the positive ions. 

Now defects in the lattice of the framework ions may be more harmful for 
growing good crystals than the defects of other lattice sites. Thus in LiF one 
has to prevent defects in the ¥~ lattice, which may be accomplished by adding 
Mg++ ions. Mg+ + ions (i.e., vacant Li+ sites) may therefore have a heahng effect 
on the F”" lattice in LiF. For the same reason, it is possible that one must not 
push the purification too far, for by removing the positive ion impurities one 
may introduce negative ion defects. 

I would recommend the use of NH4F in making LiF single crystals. The 
LiF is mixed with an excess of NH4F. On heating, the HjO is evaporated first 
and then the excess of NH4F. In this way hydrolysis does not give any trouble, 
even when the crystal is in contact with air. I would also like to ask why Prof. 
Stockbarger prefers the crucible-lowering method to that of Kyropoulos^ since 
the latter has the advantage of easy manipulation and inspection and the 
temperature gradient is such as to cause a good circulation in the melt, which 
may be important for the growth of the crystal. 

Dr. W. Ehrenberg and Mr. J. A. Franks [London) said : We obtained good 
results in the preparation of single alkali halide crystals by using a modification 
of Stober’s technique. Our furnace has a high thermal inertia ; the main heaters 
at the top and bottom consist of Kanthal strip and wire embedded in ceramic. 
No mains stabilization is used. The temperature and temperature gradient are 
measured with Pt-PtRh thermocouples permanently inserted in the melt ; this 
appears to be the only way of obtaining information about the actual conditions. 

Single crystals are almost invariably obtained, even with flat-bottomed 
crucibles, provided a positive temperature gradient (top at the higher tempera- 
ture) is maintained throughout the crystallization. No crucible material was 
found to which the crystals do not adhere ; therefore, in order to avoid strains 
being introduced, it is necessary to use very flimsy containers : our crucibles 
are made simply by bending a circular sheet of i/iooo^ Pt foil around a former 
resembling a cog-wheel ; the crucibles look like fairy-cake tins about diam. 
and high. This peculiar shape does not interfere with the growth of the crystal. 

The crystals are partially orientated with respect to the flat bottom (100 axis 
parallel to bottom) ; an orientation with respect to the temperature gradient 
cannot be expected for alkali halides ; in general, a careful study of the Uterature 
ga\e us no evidence that such an orientation has ever been observed. In all 
cases some Pt is dissolved in the melt and collects at the top. The bulk of this 
appears as a dirty irregular deposit on the top of the crystal, while the bottom 
half is pure ; the top half appears cloudy under u.-v. light. One KCl crystal 
grown in an Au crucible beautifully demonstrates the distribution of impurity 
(Au), the crystal being quite colourless near the bottom and turning deep purple 
towards the top, on which specks of a thin metallic gold deposit are visible. 

We can observe no strains in crystals cleaved by tapping with a blunt tool. 
Strains appear, however, in crystals cleaved with a chisel. 
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Mr. P. R, Rowland (London) said : From what Dr. Ehrenberg has said, there 
appears to be no orientating effect due to the thermal gradient in the growth of 
alkali halides from the melt. This is, however, not always the case with metals. 
Prof. G. I. Finch informs me that in the case of zinc, which has a close-packed 
hexagonal structure, it is difficult to grow a single crystal unless there is only a 
small angle between the line of steepest descent of the temperature and the 
cleavage plane of the crystal. However, in the case of copper, which is cubic 
close-packed, there appears to be no such effect. We have grown many and 
have not been able to observe it (though the number is insufficient to justify a 
statistical analysis). Neither have we found any reference in the literature to 
such an orientating effect. There may be an exception to this in one of our 
experiments, where a thin strip was grown from the melt. The crystal formed had 
cube direction at an angle of to the surface plane of the strip. About i J cm. 
from the lower (first formed) end of the crystal a second one about i J mm. wide 
appeared approximately in the centre of the strip, which was i cm. wide. This 
second crystal had a cube direction at an angle of only 8° to the surface. The two 
shared a common cube direction which lay in the surface plane and was normal 
to the direction of growth. Is it possible that this second crystal appeared 
because there is a tendency to orientate with a cube direction parallel to the 
direction of growth ? Since the strip was thin (0-5 mm.) an alternative is that 
surface energy effects may tend to orientate with a cube plane in the surface. 

Mr. P. R. Rowland (London) (communicated) : Since making the above 
remarks, the author has discussed the matter with Dr. W. Willman and Prof. 
G. I. Finch and finds that he was under a slight misapprehension. Zinc crystals 
grow most quickly parallel to the cleavage plane, and hence a seed crystal 
orientated with this plane nearly parallel to the length of a rod -shaped melt will 
tend to outgrow others. There is thus no evidence that the thermal gradient 
has any effect in orientating the seed in the growth of either zinc or copper from 
the melt. 

Mr. T. A, Kletz (/.C./., Billingham) (communicated) : In their paper 
Dr. Menzies and Dr. Skinner state that the di.scovery of the transmission of silver 
chlor in the infra-red is probably to be ascribed to Dewar. Actually the 
discovery was made by Schulze- Sellack nearly 80 years ago,^ later two of the 
early workers on infra-red spectroscopy, Rubens and Nichols, used silver chloride 
for the window of their radiometer, taking measurements * at wavelengths up 
to 24 |Jl. 

Mr. A. E. Robinson (R.N.S.S.) said : My paper describes plant and apparatus 
in use for growing small supplies of single crystals for development purposes. 
The principles do not differ from those in use by a number of workers in this 
field. A similar ammonium dihydrogen phosphate plant was operated by the 
Ministty of Supply for the Admiralty before this unit was assembled. 

In single crystal growing a main concern is the severely practical problem 
arising from what Dr. Holden has referred to as “ maintaining a metastable 
system for long periods of time.” 

Of general interest, however, is the fact that the work affords opportunities 
for observing considerable numbers of ciystals of a size and quality not usually 
met with, and points which may be missed in smaller crystals become obvious. 
The first is that rate of growth depends on quality. Under given conditions 
crystals free from obvious flaws do grow at a reasonably constant and uniform 
rate ; seeds with inherent flaws which persist grow at higher rates and the most 
flawed crystals, but which still retain geometric identity, grow at the highest rate, 
which is three to four times as great as the slowest-growing sound crystals. 

These are observations on crystals grown in solutions free from significant 
impurities. In general foreign substances in the solution fall into three groups : 
those without significant effect, e.g., i % or 2 % of sodium sulphate in lithium 
sulphate solutions ; those with specific effect, and here it must be remembered 

^ Schulze-Sellack, Pogg, Ann., 1870, 139, 192. 

* Rubens and Nichols, Ann. Physik, 1897, 60, 418 ; ggjd Baly, Spectroscopy, 3rd ed., 
vol. I (Longmans, 1924), p. 230, 
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the amounts required may be as small as 20 parts per million or less ; and those 
which appear to encourage the required sound growth, e.g., the small amounts 
of iron added to ammonium dihydrogen phosphate solution. 

Dr. E. W. Fell {Bradford) said : Dr. Holden and Mr. Robinson describe a 
method of growing ciystals by moving them through the surrounding solution. 
However, I should like to refer briefly to a mode of growth in melts when the 
melt is in motion. When a melt flows along a solid surface such as a mould wall, 
and under conditions whereby heat is rapidly conducted from the melt through 
the mould wall, crystallization proceeds from the surface and long crystals grow 
into the melt, and these crystals, of which the solidified layer near the mould 
wall is composed, are found to be inclined towards the direction from which 
the stream is coming. If there is no stream, the crystals grow approximately 
normally to the mould wall. Such growth is of interest in metallurgy.* It has 
been observed in steel ingots, lead and stearine. For steel ingots the inclination 
of the crystals to the normal to the mould is about 10°, for stearine about 14° 
and for aluminium containing 10 % magnesium (poured down one side of the 
mould) as much as 20°. The effect on the inclination of different velocities of 
the stream was not investigated, though there was probably a strong forced 
circulation of melt in the mould in the case of the aluminium alloy. It is reported 
that growing crystals of electro-deposited nickel are similarly inclined if the 
electrolyte is in motion. I have no information regarding crystallization from a 
solution in motion, but the method of growing crystals described by the authors 
suggests that a somewhat similar inclination as for melts may occur. It seems 
that the stream promotes nucleation and the removal of barriers to growth on 
that boundary of the growing crystal facing the oncoming stream of melt and 
hence the crystal grows more there, whereas on the other side of the crystal 
that is sheltered from the oncoming stream there is less nucleation and barrier 
removal. I should be glad to have the authors' views as to the cause of this 
observed inclination. 

Mr. A. E. Robinson (R.N.S.S) said : The phenomena reported by Dr. Fell * 
occur in crystallization from melts, whereas my paper refers to the somewhat 
different condition of growth from solutions. 

The following points may, however, be of interest. In crystal growth in solution 
there is a tendency for increased growth on the face normal to the stream, and in 
practice the growing crystal is deliberately oriented so as to encourage growth 
in the required direction. In spontaneous nucleation, such as that reported on 
the cold mould wall, there appears to be a tendency for a particular face to 
adhere, and this is somewhat similar to my exhibit of extraneous growth on selected 
faces. The angles adopted by different materials are probably influenced by the 
morphology and habit of the crystal, the wetting of the mould wall and the fact 
that in a given crystal individual faces have their own degree of wetting by 
particular fluids. 

Dr. B. Raistrick (Birmingham) said : When sodium trimetaphosphate 
crystallizes from a melt bubbles of what is believed to be moisture can be seen 
escaping from the crystal surface as growth proceeds ; the loss is weighable. 
We believe that this observation can be explained on chemical grounds, but would 
be interested to hear of any other cases of melts absorbing moisture which is 
then liberated on crystallization. 

Prof. R. M. Barrer (Aberdeen) said : In my paper I have given a selection 
from the many factors which govern the growth of crystalline silicates. The 
discussion centres round methods of synthesis, crystal dimensions and some 
of tlie variables which control growth, including functions of mineralizers. A 
big literature has grown up in mineral chemistry, but in this country chemical 
aspects of mineral growth have failed to attract attention in the same way as 
some better-known phases of chemical research. Much exploratory work was 
done long ago — perhaps among the first published silicate syntheses one may 
name Schafheutrs preparation of quartz in 1845.* On the Continent there has 

* Carlsson and Hultgren, Jernkontorets Ann,, 1936, 120, 577. 

* This Discussion. 

* Munchner gelehrte Anzeigen, 1845, 557. 
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been continued activity over a long time, and since the turn of the century this 
is also true of the United States. We owe to Morey and his colleagues in America 
many of the principal quantitative measurements using the hydrothermal 
technique. 

Next to compounds of carbon those of silicon are among the most numerous. 
Siheates also comprise in bulk a large part of the lithosphere, but techniques 
for growing siheate crystals are unusual, often falling outside the range of 
ordinary chemical experience. The crystals are mainly of the “ giant molecule 
type, containing very large anionic networks, corresponding to chains, sleets 
and three-dimensional frameworks, and most usually grow from magmas of 
viscosity at high temperatures. Many of the crystals transgress the law of constant 
proportions, due to isomorphous replacements such as 

K+ ^Na^-^- : 2Na+ ^Ca++ : Na+Si+ + -<' ^Ca++Al+ + +, 

and optical, X-ray and chemical data may all be required to estabhsh identity 
of species. Chemists working in this field naturally depend upon mineralo^ 
and geology in the first place to show the conditions which are likely to yield 
some at least of the various species. 



Nevertheless synthetic silicate chcmistiy’’ will no doubt move in different 
directions and will reveal many species and types of behaviour not hitherto 
observed in nature. To some extent this is already true. Thus in my own 
experience, either by using standard methods or by developing new procedures, 
crystals have been grown apparently as yet not noted in nature. As examples 
of new syntheses by standard methods there are the growth by the hydrothermal 
technique of a new barium zeolite wdth chabazite-hke sorptive properties and of 
several intermediate species containing the constituents BaCl2, BaBrj, KCl 
and KBr in solid solution throughout aluminosilicate frameworks. Dr. Taylor 
at my suggestion has by the same method successfully crystallized some thallous 
aluminosilicates, and Mr. White and also myself have grown a number of lithium 
aluminosilicate crystals which do not so far appear to have naturally occurring 
counterparts. 

As an example of new methods one may mention the Clark and Steiger 
procedure for easy production of a number of ammonium minerals by ion inter- 
change using NH4CI vapour. The NH4+ ion is not found in natural alumino- 
silicates. I have been able to develop this procedure further in several cases 
by burning out the ammonium ions wdth O2 gas to form crystalline hydrogen 
chabazite and mordenite. In natural conditions hydrogen zeolites are never 
found. 
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Again by indirect methods one may easily obtain species which cannot be 
grown directly under the same conditions of pressure and temperature. Prof. 
Wyart reports that he has not been able to grow leucite directly by hydrothermal 
methods ; however, I have made it easily by first growing analcite hydro- 
thermally and then submitting this species to the cation interchange, 
Na."*" H,O^K+. In this preparation, reaction goes so easily that it is not 
necessary to work appreciably above 200° C whether in analcite synthesis or in 
ion interchange. Clearly synthetic methods are destined to extend and diversify 
knowledge given by the natural reactions of mineral chemistry. 

With regard to mineralizers, perhaps water is the most universal, and in con- 
nection with its mode of action 1 wish to show an additional diagram containing 
results very recently published by Tuttle.® I noted that water may act not only 
by lowering the viscosity of melts, but also by lowering the crystalhzing tempera- 
tures from the magma. This mechanism is especially important in growth of 
feldspathic crystals which somehow occurs very well at rather low temperatures 
from magmas which if anhydrous would be of astronomical viscosity. Fig. 1 
shows the fusion curves of K2Si40# (or quartz), orthoclase and leucite in equili- 
brium with anhydrous and hydrous magmas. Curve i is for an anhydrous 
magma ; curve 2 for a magma under a water pressure of 15,000 lb. in."® (i.e., 
2*3 miles deep) ; curve 3 for a magma under water pressure of 30,000 lb. in."® 
(i.e., 4*6 miles deep) . The fusion temperature of KAlSisOg is considerably lowered 
as also is that of leucite. Water at these pressures actually eliminates growth of 
KgSigOj ; instead, quartz appears at a temperature 300° C lower. 

Prof. W. E, Gamer (Bristol) said : In order to account for the effect of 
mineralizers in the crystallization of quartz, it is possible that the mineralizer 
facilitates the crystallization at the repeatable step by increasing the mobility 
of the silica molecules over the quartz surface or in the adjacent liquid phase. 

Dr. G. R. Rigby (Stoke-on-Trent) said : Dr. Barrer has mentioned that leucite 
has not yet been successfully synthesized by hydrothermal methods — no doubt 
Dr. Barrer knows that leucite can be synthesized readily by heating the requisite 
proportions of potash, alumina and silica and it is often found in used blast- 
furnace linings where firebricks have been exposed to potash vapour. This arti- 
ficial leucite exhibits all the characteristic properties of the natural mineral, 
e.g., the polygonal form, low birefringence and cross-hatched twinning. 

With regard to Dr. Van Praagh’s paper I am surprised that he has identified 
the high-temperature form of cristobalite at room temperatures. Cristobalite 
is the stable modification of silica above 1470° C, but in practice it is often 
obtained by exposing quartz or fused silica to temperatures above 870*^ C. If, 
however, quartz is heated under molten sodium chloride, tridymite is obtained, 
thus illustrating the specific effect of mineralizers. The inversion of high to low 
cristobalite is accompanied by an increase in volume amounting to over 3*0 %, 
and this is often detrimental to ceramic materials containing the mineral. If 
the high- temperature form could be stabilized, thus inhibiting this inversion, 
it would mark a great advance in ceramic technology. 

Prof. R. M, Barrer (Aberdeen) said : (Questions have been asked about the 
growth of garnet and the functions of mineralizers, and the appearance of leucite 
in the glass-making furnace has been commented on. 

Pyrolytic syntheses of leucite are very common, and it is unnecessary to 
attempt to summarize them. One is in no way surprised at its appearance 
during glass-making operations. What is still doubtful, however, is its growth 
by direct hydrothermal methods at low temperatures. Thus Prof. Wyart ’ 
has not succeeded in repeating Fried el’s claims, and although I have carried out 
direct hydrothermal crystallizations of potassium aluminosilicate gels of varied 
compositions to give diverse species, leucite has not so far been noted among 
them, at least up to 360° C. On the other hand, by the indirect hydrothermal 
route, already referred to in my paper, leucite has been very easily made at 
temperatures of ca. 200° C. 


• Amer, J. Sci., 1948, 246, 31. 
’ This Discussion. 
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A detailed mechanism cannot at present be given for the growth of garnet in 
metamorphic conditions. Nevertheless its appearance under high pressures is 
favoured by its large density according to thermodynamic principles. The 
symmetrical growth suggests a plastic flow or softening of neighbouring crystalhne 
species of lower density also under the great pressure and in contact with the 
growing garnet nucleus or crystallite. At the surface of contact the chemical 
constituents of the other species are then reorganized under stress, so as to 
decrease the volume occupied and relieve the stress, by continuing the develop- 
ment of the garnet. 

In discussing the action of mineralizers a number of speculations have been 
made. One should not, however, in devising special mechanisms, forget the quite 
normal aspects. These are that the mineralizer may lower the viscosity of the 
medium and so promote mixing and crystal growth ; that it may alter the 
solubility and fusion temperatures of crystallizing species ; and that it may 
form intermediate compounds. There is good evidence that examples of all 
these effects occur in various instances. 

Mr. R. W. Nurse (D.S.I.R., Watford) said : Since our paper was written new 
information has come to hand concerning some of the examples cited. Sirota * 
has discussed the crystallization of metastable phases, particularly in binary 
metal alloys, using the Volmer-Stranski method for obtaining the work of forma- 
tion of two- and three-dimensional nuclei. The examples given show that in 
general there are three temperature domains : a high- temperature region in 
which only the stable phase crystallizes, a low-temperature region in which 
only the metastable phase crystallizes, and an intermediate range in which the 
phase crystallizing depends on the kind of nuclei present. The theory gives a 
qualitative explanation of the behaviour of the unstable aluminates and also 
explains the continued growth of pseudo-wollastonite in the wollastonite field 
as observed by Bowen. 

Trommel,* by means of X-ray studies in the high- temperature camera, finds 
that p2CaO.Si08, previously thought to be a high- temperature modification, is 
stable only at low temperatures. In the first cycle he obtains the inversion 
Y a' on heating to 1000° C and a' p on cooling ; the second cycle gives 
P a' (heating) and a' -> p (cooling) ; during the third cycle a new modification 
p' appears on cooling. This work requires confirmation and extension, but the 
results already obtained would explain why the crystals of p2Ca0.Si02 grown 
for X-ray structure work have alw^ays .shown inversion twinning as shown in 
Fig, 9 of our paper. 

The successes obtained with the Verneuil technique reported by Zerfoss are 
most encouraging. When using the “ eutectic ” method of ciy^stallization, where 
the large number of components used in the melt often prevents any adequate 
forecast of the phase relations being made, it is particularly necessary to report 
chemical analyses of the resulting crystals. For instance, in the case quoted 
by Zerfoss, it seems very likely that a solid solution of BaTiOs and BagTigOy 
might be obtained, as is the case with the corresponding calcium compounds. 

Dr. D. R, Hale {Cleveland, Ohio) (communicated) : This paper reviews an 
ingenious process for growing quartz which may offer an improvement in growth 
rate and quality over that by which rock crystal was produced in nature. A 
modification of the Spezia method, however, using crystalline quartz as nutrient 
supply at an elevated temperature and a thermal gradient such that the region 
about the seed is at a lower temperature, has been used with considerable success 
at The Brush Development Co., Cleveland, Ohio.^^ More than half an ounce of 
quartz, free from cracks and veils, has been deposited on an untwinned B-plate 
having an area of about 7 cm.® on a side. Contrary to the recommendation in 
the paper under discussion, the formation of spontaneous crusts on the wall 
of the chamber has been avoided as far as possible. The presence of such a 
coating, presenting a large area of rhombohedral quartz on which quartz can 
deposit from the supersaturated solution, may be helpful as a means to keep 

* Sirota, J. Tech. Physics, U.S.S.R., 1948, 18 , 1136. 

• Trommel, Naturwiss. (to be publishedt). 

This Discussion. 

Hale, Science, 1948, 107 , 393. 
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the supersaturation from reaching high values when the more soluble vitreous 
silica is used. Skeletal, drusy or other irregular types of deposition on the seed 
imply the effect of a highly supersaturated condition, assuming that the solution 
is clean and not strongly agitated. A well-controlled crystal-growing system 
should preferably avoid all spontaneous nucleation, which is the recognized 
ideal in growing the usual types of easily soluble substances. 


V. CONCLUDING REMARKS 

Dr. C. W. Bunn (/.C./., Plastics) said: In looking at the Discussion as a 
whole, and at the relations between theoretical and experimental contributions, 
certain things seem to me to stand out. In the first place, I am agreeably 
surprised at the general agreement that a perfect crystal bounded by simple 
faces probably would not grow at all. 1 suggested this as an inference from 
experimental evidence, but hardly expected it to pass unchallenged ; actually it 
appears that there are theoretical grounds for expecting this to be the case. 
So far, theory and experiment are in accord. My other outstanding impression 
about the theoretical work is that much of it is based on equilibrium considera- 
tions ; yet crystal growth is, of course, not an equilibrium affair. I do not 
suggest that equilibrium considerations are irrelevant, but 1 think we should 
not assume that the conclusions from equilibrium considerations apply as they 
stand to actual crystal growth problems ; or, at any rate, not to rapid growth. 
As they stand, they are likely to apply most closely to very slow growth. For 
the phenomena of rapid growth we need a dynamic theory, which treats crystal 
growth as a progressive event, takes into account the movements of the molecules 
in vapour, solution or melt, and considers how these movements influence the 
sites taken up on deposition and thus determine the character of the new surface 
on which further deposition is to take place. 

If we accept the thesis that perfect crystals bounded by low-index faces do 
not grow at any reasonable supersaturation, we are faced by the problem of 
accounting for the fact that crystals do actually grow, even at very low super- 
saturations. There are two obvious solutions ; one is that real crystals are 
not perfect, the other is that the surfaces on which deposition occurs are not 
low-index surfaces ; and both thevSe conceptions have figured in our discussions. 
No doubt both factors play a part in determining the rates at which crystals 
grow, and we have to enquire what is their relative importance in a variety of 
circumstances. 

Turning to the experimental papers, they fall fairly sharply into two classes 
— those dealing with rapid growth and those dealing witla extremely slow growth. 
The former are relevant to the industries which produce crystalline substances 
in large quantities and are necessarily concerned with rapid crystal growth ; 
the study of the rate of nucleus formation and the rate of crystal growth is 
directed towards maximum production and control of grain size and shape. 
The latter arc the concern of the industries which make large perfect crystals 
for optical prisms or piezoelectric elements, and must necessarily grow their 
crj^stals ver^^ slowly in carefully controlled conditions. 

How are the industrial, experimental and theoretical aspects to be linked up ? 
It seems to me that it is for problems of rapid growth from strongly super- 
saturated solution that a dynamic theory of crystal growth is most needed, and 
that since in rapid growth deposition apparently occurs on high-index surfaces 
at the edges of spreading layers, the central problem is the study of the factors 
which keep high-index surfaces alive. On the other hand, in very slow growth 
from slightly supersaturated solutions there is time for high-index surfaces to 
heal (that is, for the depositing molecules to go on to sites which give rise to 
low-index surfaces) ; in these circumstances, it is likely that imperfections 
play a dominant role in controlling growth ; here, too, the theoretical approach 
based on equilibrium considerations is likely to be more directly applicable. 

Mr. P. R. Rowland {London) said : The general view of the meeting seems to 
be that the gap between the theoretical and experimental approaches has been 
too wide. To the author, the reason for this seems obvious. As a colleague 
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remarked, “ The subject is still in the alchemical stage/' As an experimentalist 
the author feels that it is asking too much of the theoretical worker to provide 
even rough theories at this point of development. The information available is 
too meagre and the possible complications too many. However, we might 
have asked for guidance concerning the lines along which further work may be 
conducted. The author would therefore like to put forward a few opinions, 
though with some trepidation, since Prof. Stranski appears to have been following 
the course proposed and may already have forestalled them. 

First, the subject should be subdivided under the following headings : 
(i) Growth from vapour, (ii) Growth from melt, (iii) Growth from solution, 
(iv) Growth by phase change in the solid state. Further subdivision according 
to whether the crystal is held together by ionic, homopolar, van der Waals’ or 
metallic forces also seems desirable. 

Two aims should be borne in mind : 

(а) To provide a picture of the structures of the growing surfaces, meaning by 
“ picture the sort of information which is imparted by describing, say, methane 
or long conjugated chains in terms of a bonds, etc. 

(б) A similar picture of the medium from which the crystal is growing, with 
due regard to the fact that the situation is dynamic and not static. 

The difficulty of supplying (6) will increase as we proceed from (i) above to 
(iii) ((iv) is a special case). In the case of growth from solution (a) and (&) may 
not be separable. For instance, when growing C'uS04.5H20 crystals there may be 
quite a large growing region, in passing through which Cu(H20)4+ + , SO*”*" ions 
and water molecules gradually pass from a more or less random distribution 
to become units of a lattice correctly spaced and rotationally orientated. It 
would be difficult to say which point is the surface of the growing crystal. This 
picture is in fact supported by the observation that growth of good crystals 
from aqueous solution is only usually possible with hydrated substances, while 
growth from the melt seems to be the most successful way of producing really 
large perfect crystals. Can growth from solution be regarded as growth from a 
highly impure melt ? 

However, it would seem wiser to start wdth the simplest systems (a) above. 
Crystallization may then be regarded as a heterogeneous reaction and it is 
essential that we learn as much as possible about the surface of the substrate. 
The author regards the technique of forming spherical single crystals and 
studying reactions on their surfaces as a powerful tool in the experimental study 
of solid surfaces. Prof. Stranski has used it to study crystal growth itself. 

It is suggested that progress from such beginnings may be made by carrying 
out work on the following lines : 

1. Experiments to determine the behaviour of the surface of single crystal 
spheres towards various reagents, e.g., the vapour of the crystal substance, 
adsorbates, substances of varying electronegativity, polar substances, solvents, 
etc. The only way to ensure a really clean surfac e is to heat it in a vacuum and 
valuable information may be obtained by repeating some of J. K. Roberts’s 
w'ork with single crystal wires. 

2. Experiments with spheres at temperatures very near their melting points 
to determine the mobility of surface layers. Growdh from the vapour under 
these conditions, especially in cases where the gas phase could be made very 
dense, may give hints on the mechanisms of growth from the melt. 

3. Growth of solvated crystals from the melt may throw light on growdh from 
solution. 

4. Dr. Bunn has shown how much is to be learnt by the direct observation of 
growing crystals. In the electron microscope and interferometry as developed 
by Prof. Tolansky and his .school, we now have methods which enable us to 
observe almost down to molecular dimensions. Though they have limitations, 
obvious and otherwise, the author is sure that if the attempt were made to 
adapt them to the study of growing crystals, at least some confusion would be 
removed. The central problems could be recognized and attacked. 

To sum up, the theoretical physicist will only have a fair chance of getting to 
grips with the problem when the experimentalist has revealed what its essentials 
are. It is suggested that the best line of approach is to begin with a systematic 
study of crystal surfaces by both direct and indirect methods. 
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GENERAL INTRODUCTION 
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STRUCTURAL ASPECT OF LIPO -PROTEIN 
ASSOCIATION 


By D. G. Dervichian 
Received 2 nd June^ 1949 

From a detailed analysis of all the available work done on the association 
between proteins and different colloidal electrolytes, general and consistent 
conclusions could be derived concerning the simultaneous influence of pH, 
salt concentration and proportions of the two constituents ; the important 
point being that these different factors intervene in a similar and complementary 
way. From this and other considerations, it is concluded that the interaction 
is purely ionic. The necessity of bringing in van der Waals' forces, in some 
cases, results from the binding together of the molecules in the colloidal electrolyte 
micelle. 

The nature of the lipid-lipid associations is discussed from the point of view 
of mixed micelles. If their ionic behaviour is considered, natural lipo-proteins 
are similar to the artificial associations of proteins with ionic colloids. If the 
extraction of lipids is considered, natural lipo-proteins show the characteristics 
of the artificial lipid-lipid associations. 

A tentative structure is proposed for the natural lipo-proteins in solution. 
Lipids would form separate mixed micelles in which the non-ionic are solubilized 
by the ionic. It is further postulated that a purely ionic interaction takes place 
between these mixed lipidic micelles and the protein particles as well as with 
all other small ions present. 


The natural lipo-proteins, i.e. those encountered in living organisms, 
contain ionic lipids (phospholipids, fatty acids) and non-ionic lipids 
(esters of cholesterol, cholesterol, glycerides). First will be examined 
the protein-ionic lipid association. No doubt it ^s the protein-lecithin 
interaction which is the most instructive from the point of view of the 
natural lipo-proteins. But, if one examines and compares simply 
the experimental facts, very satisfactory correlations are found in the 
behaviour of lecithin alone and of the different associations : protein- 
lecithin, protein-fatty acids, protein-synthetic detergents and, in a 
general way, protein-colloidal electrolytes such as gum arabic, nucleic 
acid, dyes. It appears that non-ionic lipids cannot associate by them- 
selves with proteins, while they can associate with the other ionic 
lipids. The study of those lipid-lipid associations coming next will 
introduce some structural considerations which can explain some of the 
specific behaviour of the natural lipo-proteins. Finally, the behaviour 
and properties of natural lipo-proteins will be examined in the light of 
the conclusions of the preceding studies. 

Protein-Ionic Lipid Interaction 

The precipitation of protein-lipid systems gives certain information 
on the interaction of these two classes of substances. In certain cases, 
instead of ordinary precipitation or flocculation, a fluid phase separates 
which is called coacervate.^ 

^ Dervichian, Research, 1949, 3, 210, 
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LIPO-PROTEIN ASSOCIATION 


(а) Mutual Influence of pH and Proportion on Precipitation. 

— Concerning zones of precipitation at certain proportions of the con- 
stituents and the influence of pH on these proportions, the same 
peculiarities are found either in the protein-lecithin interaction 
or in the interaction of proteins with other ionic lipids, ’ detergents 
colloidal electrolytes such as gum arabic,^®» or nucleic acid,^®» and 
dyes.^^-*® The behaviour of anionic detergents on the one hand and 
cationic detergents on the other are symmetric about the isoelectric 
point of the protein on which they act. 

(б) Influence of Electrolytes. — Even with lecithin alone, the 
precipitation by an acid is inhibited by salts.® The presence of neutral 
salts also inhibits the precipitation of lecithin by proteins.® More 
exactly, to precipitate lecithin by protein, the acidity of the medium 
must be higher the more neutral salt is present.® This property is also 
found in interactions with other colloidal electrolytes.’ With anionic 
detergents the amount of detergent necessary to produce complete 
precipitation increases with the amount of added electrolyte.^® The 
same phenomenon is observed with cationic detergents in basic 
medium.^^' Above the isoelectric point, precipitation by an anionic 
detergent is only possible in the presence of a considerable quantity of 
salt. In addition, the ratio detergent/protein in the precipitate is 
nearly ten times its value in acid medium in the absence of salt.®^ 
Finally, coacervation of gelatin by gum arabic is strongly influenced 
by the presence of salts.^® For example, 0*35 % KCl is sufficient to 
suppress the separation. 

One sees that pH and saline concentration play an identical role 
and this in accord with the fact that, with proteins alonc^ the addition 
of salts causes an increase in the pH of the solution if the initial pH is 
less than that of the isoelectric point, and a decrease in pH if the initial 
pH is greater than that of the isoelectric point.®® 

It should be pointed out also that the protein and the other colloidal 
electrolyte each carries its gegenions, which explains the fact that an 
excess of one or the other influences the precipitation in the same manner 
as ions of added salt or OH~ or H+ ion (pH). 

• Mayer and Terroine, Compt. rend. Soc. Biol., 1907, 62, 398. 

• Handovsky and Wagner, Biochem. Z., 1911, 31, 32. 

• Parsons, Biochem. J., 1928, 22, 800. 
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(c) Interaction in Solution. — The separation of proteins by 
other colloidal electrolytes can occur only in a pH region such that 
the net charge of the protein is opposite to that of the precipitating 
agent. There are, nevertheless, interactions between the two con- 
stituents in regions where the net charges are of the same sign and where 
the constituents remain in solution. These interactions have been 
demonstrated mostly by electrophoresis studies.*®* Well-defined 
boundaries appear which correspond to the migration of the associated 
protein and detergent. These interactions have also been demon- 
strated by measurements of rotation of plane polarized light, surface 
tension and pH.*® More recently, Pankhurst *® has added evidence 
based on viscosity measurements. 

Interactions between acid or basic dyes and proteins outside the 
pH zone of precipitation has been demonstrated by measurement of 
the shift of absorption bands and determination of the quantity of 
dye held by the protein in dialysis equilibrium.*'^' 

(d) Nature of Protein -Ionic Lipid Interaction. — Mayer and 
Terroine * established that in an electric field the charge (positive) 
of the lecithin-albumin complex was opposite to that of lecithin alone. 
It was Putnam and Neurath® who were the first to realize the con- 
nection between the maximum quantity of detergent bound and the 
total acid-binding capacity of the protein. They concluded that pre- 
cipitation was produced by electrostatic forces between the ionized 
groups of the two constituents. In studying the electrophoresis of 
small drops of gelatin-gum arabic coacervate, Bungenberg de Jong 
and Dekker found they were drawn to the positive or negative pole 
according to the relative amount of gum arabic. For each pH the 
change of sign occurs in the neighbourhood of the maximum separation. 
It appears then as if coacervation were connected to the mutual neutral- 
ization of the charges of the two colloids. 

In what form is the lipid bound to the protein in the precipitate ? 
The method of titration used by Parson ^ might give us some informa- 
tion on this point. The lecithin present in the precipitate was titrated 
by dissolving in it a lipo-soluble dye (but not water-soluble). This dye 
remained in the associated lipid. There is strong evidence that lipo- 
soluble dyes (like other lipo-soluble substances) can only be dissolved 
between the paraffinic chains of lecithin or detergent when these mole- 
cules are associated in micelles.*®-*® The work of Parsons tends to 
prove that in the protein-lecithin precipitate the lecithin is associated 
in the form of lamellar micelles. The fact that this micellar structure 
is necessary is shown by the observation that proteins cannot be pre- 
cipitated by detergents (anionic or cationic) having less than lo carbon 
atoms. Besides, it is well known that, at ordinary temperature, 
micelle structure exists only in solutions of ionic lipids having more 
than 8 carbon atoms in their chain. 

To satisfy all these conditions, i.e. ionic interaction between lipids 
and proteins, necessity of micellar state for the lipid and the appearance 

** Lundgren, Elam and O'Connell, /. Biol. Chem., 1943, 149, 183. 

** Putnam and Neurath, ibid., 1945, 159, 195. 

Desreux and Fabry, Bull. Soc. Chem. bioL, 1946, a8, 478. 

Pankhurst, ibid., 1949, 31. 

Klotz, Chetn. Rev., 1947, 373- 

*• Dervichian and Magnant, Compt. rend. Soc. Biol., 1946, 140, 95. 

•• Kiessig and Philippofi, Naturwiss, 1939, 27, 593. 

Hughes, Sawger and Vinograd, /. Chem. Physic., 1945, 13, 131. 
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of paraffinic character in organic solvents, one could suggest that 
in the precipitate the double layer micelles of the lipid stick by their 
ionic faces to the ionic faces of the protein particles and thus con- 
stitute alternate layers of lipid and protein.®^» 

The structure proposed here might not seem to differ from that of 
Pankhurst and Smith. In fact it originates from a different point 
of view. The interaction of the lipid micelle as a whole has to be con- 
sidered at the moment of precipitation, starting from the principle 
that no lipid molecules can adsorb in a single layer without the double 
layer lattice being built up and precipitation following. One could 
as well say that the micelle of the detergent fixes the protein particles 
by its two external ionic faces (and vice versa) and that the ionic lattice 
(Hartley) being thus formed, similarly to the crystal of fatty substances, 
the whole precipitates. 

Should the “ dissolved complexes ” be considered as formed of 
complex particles with lipid molecules sticking to the protein molecules 
as they are in the precipitate ? To see the problem clearly one 
must not lose sight of a very trivial fact : ionic combination in solution 
does not mean aggregation of oppositely charged ions in one particle. 
Proportions are stoichiometric whether the reaction gives rise to 
aggregation and precipitation or to a dissociated compound which 
remains in solution. 

It is generally admitted that the length of the lipid or detergent 
chain serves to increase the forces of interaction between the lipid 
and the protein in a discontinuous way when there are more than 
eight carbons in the lipid chain.^^» Some see here a specific action. 

Thus two factors would determine the force of the interaction : an 
electrostatic attraction due to oppositely charged ions, and van der 
Waals’ forces. This is also the conclusion arrived at by Klotz con- 
cerning the bonds between proteins and dyes. The basis of this con- 
clusion is the difference in behaviour between dyes having one charged 
group and those having two or three charged groups. However, the 
point should be considered that with amphipatic molecules the tendency 
to form micelles diminishes with the increasing number of solubilizing 
groups. It seems reasonable to think that the necessity of bringing 
in van der Waals* forces is not concerned with the bond between the 
protein and the lipid, but with the linkages which hold together the 
lipid molecules in the lipid micelle in the neighbourhood of the protein 
particle. The interaction between the lipid micelle as a whole and the 
protein particle is purely ionic. 

The “ soluble compounds ” are formed in the pH region where 
the protein and the lipid have the same charge. How can ionic inter- 
actions take place under such conditions ? The answer is given by 
Schwert, Putnam and Briggs who admit that such interactions may 
take place in a pH range where the two components have a net charge 
of the same sign, provided there exist ionized groups on the protein 
opposite in sign to that of the net charge. Klotz reached the same 
conclusion concerning the interaction between dyes and proteins. 

Pankhurst, in Surface Chemistry (Butterworth, London, 1949), p. 109. 

Elkes, Frazer, Schulman and Stewart, Proc. Roy. Soc. A, 1945, 184, 102. 

Palmer, Schmitt and Chargaff, J. Cell. Comp. Physiol., 1941, l8, 43, 

** McMeekin, Federation Proc., 1942, I, 125. 

Boyer, Ballou and Luck, /, Biol. Chem., 1947, 167, 407. 

®« Schwert, Putnam and Briggs, Arch. Biochem., 1944, 4, 371. 
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But how is it that the bond is purely ionic, when electrophoresis 
shows sharp boundaries indicating migration of the two associated 
constituents with no dissociation ? Such migration toward the same 
electrode of an anion and a cation have been found by Hartley, Collie 
and Samis ^ with a small ion like Br" associated with a cationic detergent 
in cetylpyridinium bromide. The bromine ion mobility is so much 
reduced that it becomes actually negative. More bromine is carried 
in the reverse direction attached to the micelles than travels un- 
attached in the normal direction. The adherence of gegenions to 
the micelle is due to the attraction of the free gegenions into a dense 
atmosphere around the micelle.^ Thus emerge the particular con- 
ditions which exist at the surface of the micelles of the colloidal electro- 
lytes, due to the high concentration of packed charges. However, 
in protein-detergent association, conditions are even more favourable 
than those of cetylpyridinium bromide because the electrophoresis 
is carried out at a pH where both substances have net charges of the 
same sign and both have micelle structure. 

One might think that the interaction is localized at the positive ions 
of the protein (e.g. protein-anionic lipid interaction at an alkaline pH), 
only single molecules of the lipid being able to approach and not compact 
micelles because of the repulsion of the negative protein ions. This 
is where van der Waals’ forces, acting between paraffinic chains in 
the lipid micelle, must come in. This means that it requires more 
energy to keep paraffin chains separated in the presence of water than 
to draw some of the anionic groups of the detergent near to the anionic 
groups of the protein. Besides, if groups of the same sign always 
repelled one another, soaps would never crystallize nor show para- 
crystalline phases in water. In the lamellar structure of soap, the 
€00“ groups are face to face in what Hartley calls an ionic lattice. 
No doubt this ionic lattice is stabilized by the presence of small Na”*" 
ions. In the present case, the small cations of salt present in the 
system or even the amino groups of the protein themselves would play 
the same role. 

Whatever is the mechanism, we can at least say that it is sufficient 
to have a few points of attraction between the positive groups of the 
protein and the negative groups of the lipid for the whole lipid micelle 
to be held in the neighbourhood of the protein molecule. If the solu- 
tion is acid with respect to the isoelectric point of the protein, the ionic 
interactions become overwhelmingly important and there is precipita- 
tion. The same reasoning can be applied mutatis mutandis to cationic 
lipid-protein interaction. 

In coacervation of gelatin or haemoglobin by gum arabic, excess 
of one constituent causes both constituents to pass into solution. It 
cannot be seen how the acid groups of gum arabic could be fixed 
individually to a greater or smaller number of the amino groups of the 
protein, nor could be understood how a second layer of gum arabic 
could be formed, making the surface soluble. Such assumptions have 
been made to explain the same phenomenon with detergents,^^* ^ 

The influence of the <]uantity of electrolyte present either on the 
pH of optimum precipitation or on the proportion of detergent 

Hartley, Collie and Samis, Trans. Faraday Sac., 1936, 32, 795. 

Hartley, Aqueous Solutions of Paraffin-chain Salts (Hermann et Cie, Paris, 
^936). 

*• Lundgren, Textile Res. /„ 1945, 15, 335. 
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precipitated shows that the whole phenomenon is a matter of neutraliza- 
tion of charge in a given volume element. This explanation is similar 
to that given in the case of ordinary electrolytes. This spatial neutral- 
ization, in which small and large ions take part, causes either precipita- 
tion or changes in velocity of migration in an electric field. We saw 
that the presence of salt inhibits precipitation. This effect of small 
ions may be duplicated by the lipid ions. An excess of detergent 
(carrying its gegenions) produces the same inhibitory effect by per- 
turbing the ionic atmosphere. This appears as if the acid binding 
capacity of the protein were modified (see (a) and {b) above). 

In the experiments of Pankhurst and Smith at pH above the 
isoelectric pH, the quantity of detergent fixed is ten times the acid 
binding capacity. These authors (as has Steinhardt suggest that 
this quantity corresponds to fixation by the amide groups following 
shifting of their dissociation constants. This point of view can be 
reconciled with that presented here if, instead of fixation, we consider 
the effect of compensation of charge in each small volume element. 

Other models have been proposed in which the bond is made by the 
paraffinic end of the detergent linking itself to the paraffinic groups 
of the protein. Such models have been proposed by Macheboeuf and 
Sandor,^ by Dervichian,^ and by Palmer.^ The accumulated proofs, 
direct and indirect, of the ionic nature of the phenomena seems now to 
exclude such a possibility. 

In the model here proposed there would not be fixation of the deter- 
gent to the protein. Fixation results in precipitation just as with 
ordinary ionic compounds. In solution, what we call a compound or 
a complex is dissociated, but the charge can be modified by the presence 
of H+ or OH““ ions (action of pH) or by other small ions of salts present. 
A reason for this effect to be so apparent is that the ions of the detergent 
and the protein are strongly concentrated at the surface of their re- 
spective micelles. The proximity of the charges introduced by the 
protein, by the fact that they are opposite to that of the lipid, could tend 
to ionize the detergent groups. Thus some ionic lipids, insoluble in water, 
are made soluble as soaps are in the presence of alkaline metal ions. 


Lipid -Lipid Associations 

A whole series of associations in the bulk can be obtained in definite 
proportions of lipids in contact with water.^ Generally speaking, 
it is the structure of the constituents which comes into play and not 
a particular substance (e.g. a molecule of a long-chain aliphatic com- 
pound associated with a steroid molecule). Consequently, in such an 
association, a molecule may replace another of a similar type. 

A systematic study of a great number of pairs of lipids, the one 
soluble and the other insoluble, have allowed detection of a gradation 
going from simple swelling to complete dispersion.^® In complete 

Steinhardt, Ann. Rev. Biochem., 1945, 14, 145. 

Macheboeuf and Sandor, Bull. Soc. Chim. biol., 1932, 14, 1168. 

** Dervichian, /. Chim. physique, 1941, 38, 59 ; J. Chem. Physics, 1943, ll, 
219. 

Palmer, 7. Physic. Chem., 1944, 48, 12. 

** Dervichian and Magnant, Bull. Soc. Chim. biol., 1946, 38, 419 ; Compt. 
tend. Soc. Biol., 1946, 140, 94. 

Dervichian, Trans. Faraday Soc., 1946, 42B, 180. 
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dispersion the two constituents are associated in mixed micelles. 
Substances insoluble like cholesteryl oleate can thus be dispersed in 
water.^ 

The manner of association of molecules of lipids is known. Myelinic 
figures formed by such associations have a clearly stratified structure ^ 
composed of double lipid layers separated by layers of several mole- 
cules of water. In each lipid layer, the different types of molecule 
are oriented side by side, their polar groups directed toward the water 
and their paraffinic chains facing the paraffin chains of the adjoining 
layer, likewise oriented toward the water. The same double layer 
structure is preserved in other forms of swelling and one is led to suppose 
that it is preserved also in the separate micelles when completely 
dispersed. 

The association cannot be explained on purely chemical grounds, but 
from a crystallographic point of view. The principal point is that associ- 
ation cannot be realized except in the presence of water and that water 
itself must be regarded as one of the structural constituents. Thus is 
explained the failure of the authors who have tried to isolate complexes 
in the absence of water.^ 


Natural Lipo -Proteins 

A general examination of lipo-proteins shows a striking parallelism 
to that of protein-ionic lipid and lipid-lipid associations. We are 
speaking here only of lipids masked in serum or the cells and not those 
which are found in the form of microscopic or ultramicroscopic particles 
(for details, see for example ®®). 

(а) Ionic Behaviour. — The lipo-proteins of serum precipitate at 
a pH lower than the isoelectric pH and go into solution again when 
the pH is raised to 7,®^ exactly like anionic lipid-protein associations. 

The fact that natural lipo-proteins are not dissociated in the elec- 
trical field does not, as thought by Cohen and Chargaff,®® plead 
against the assumption of a simple saline bond between proteins and 
phospholipids. It was shown, that not only in protein-detergent 
mixtures but even in cetylpyridinium bromide both constituents or 
ions migrate together. 

(б) Extraction of Lipids. — From the point of view of extraction, 
natural lipo-proteins show predominantly the characteristics of lipid- 
lipid associations. It is not a matter of solubility accident, contrary 
to the idea of Chargaff,®^ “ that substances as disparate as cephalin and 
cholesterol ’* are extracted jointly. This type of pair gives the best 
lipid-lipid association. 

Extraction by ether can only be accomplished after dehydration 
by cold alcohol for example (Hardy and Gardiner method). This is 


Valette and Cavier, Bull. Soc. Chim. hioL, 1938, 20, 1256. 

Nageotte, Compt. rend., 1927, 185, 1021. 

Browaes and Dcrvichian, Compt. rend. Soc. Biol., 1946, 140, 136, 
Partington, J. Chem. Soc., 1911, 99 » 3i3» 318. 

Elkes, Frazer and Stewart, /. Physiol., 1939, 95 » 68. Frazer, Trans. 
Faraday Soc., 1941, 37, 125. 

Macheboeuf, Bull. Soc. Chim. hiol., 1929, ll, 268 and 485. 

Macheboeuf, DelsaJ, Lepine and Giuntini, Ann. Inst. Pasteur, 1943, 69, 321. 
Cohen and Chargaff, Biochem. J., 1940, 136, 243. 

Chargaff, Advances in Protein Chemistry (1944), i, 18, 
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identical with the behaviour of lipids alone or lipid-lipid associations 
which cannot be extracted by ether aS long as they remain dispersed 
in water in the form of micelles. The lowering of the temperature 
reconstitutes the ionic lattice (Krafft point) even in the presence of 
water and makes association impossible (e.g. myelinic forms do not 
develop). Extraction by ether becomes then possible. This explains 
the effectiveness of the method of McFarlane.^® The presence of alcohol 
destroys the micelle structure and prevents lipid association. This 
explains why the extraction of purely lipidic associations by ether 
is not possible at ordinary temperature except in the presence of 
alcohol,®’* and allows us to understand why the addition of alcohol 
to serum helps the extraction of lipids by ether.*^ 

Macheboeuf and Tayeau showed that the addition of soap to 
serum permits extraction by ether. In addition it can be seen in the 
curves of these authors that the maximum of extraction is realized 
for a soap /protein ratio of 0*4 which is exactly that found as binding 
capacity of proteins towards detergents.® There is therefore sub- 
stitution from the point of view of ionic interactions : we have seen 
that fatty acids themselves associate with proteins. The quantity of 
extracted lipids then diminishes with increasing proportion of soap. 
This might be due to the association of the excess of soap with the 
separated lipids keeping them in solution. The action of heparin on 
the extraction is similar to that of soap. 

(c) Lipid-Lipid Association. — The fact that cholesterol and 
phospholipids are liberated simultaneously by the action of soap seems 
to indicate that there is substitution of soap micelles for the mixed 
cholesterol-phospholipid micelles as a whole. In addition, the specific 
extraction of cholesterol alone by substitution of molecules of similar 
structure (saponin with a steroid structure®^ or sodium dehydro- 
abietate®^) reminds us of the typical specific conditions of the purely 
lipidic associations and seems to show that cholesterol is directly bound 
with the phospholipids in mixed micelles. 

Tayeau ®^ had already been led to the conclusion that cholesterol 
is mainly bound to the phosphatides and that phosphatides might 
form the link between cholesterol and the proteins. White®® in 1908 
had already foreseen that cholesterol is normally present in the tissues 
of animal in a state of “ weak combination ** with fatty acids and 
lecithin, forming liquid crystals. 

The suggestion has been made that at least a small part of the 
lipids were bound to the protein by stronger bonds. This conclusion 
is based on the fact that part of the lipids cannot be extracted by the 
above-mentioned methods. In fact, lipids might be included in the 
structure of the protein. Nevertheless, it should be pointed out that 
this behaviour is not particular to natural lipo-proteins, as it is also 
found with ionic lipids alone or artificially associated to proteins.®* ®* 

McFarlane, Nature, 1942, 149, 439. 

*«Ward. Proc, Roy. Soc. A, 1940, 176 , 412. 

Delezenne and Foumeau, Bull. Soc. chim., 1914, 15, 421. 

** Baranger, Ann. Physiol. 1937, 13, 341. 

*• Macheboeuf and Tayeau, Bull. Soc. Chim. biol., 1941, 23, 49. 

Chargaff, Ziff and Cohen, J. Biol. Chem., 1940, 136, 257. 

Tayeau, Bull. Soc. Chim. bid., 1944, 26, 287. 

** Macheboeuf and Rebeyrotte, ibid., 26 , 475. 

•* White, Medic, Chron., 1908, p. 47. 

•♦Long, /. Amer. Chem. Soc., 1908, 30, 881. 



D. G. DERVICHIAN 15 

Conclusion and Tentative Structure of Natural Lipo -Proteins 

It is easy to conceive that with as many varied constituents as 
we find in the cell or in serum, associations may come undone and be 
rebuilt in new compositions in the course of extraction. Water being 
the indispensable structural constituent, if one tries to “ extract ” by 
first dehydrating the system, the association may vanish. In other 
cases the extracted complex may well be an artefact. This means that 
the lipids and the proteins may well be associated in the aqueous phase 
of the cell or the plasma, differently and with some other constituents 
than those which come out by precipitation. 

The solubilization of esters of cholesterol and glycerides, their 
simultaneous occurrence with phospholipids and their mode of ex- 
traction, in particular their extraction by substitution of a molecule 
of similar form, all suggest that non-ionic lipids could be associated 
with ionic lipids in mixed micelles which can be dispersed in aqueous 
solution. The identical behaviour of natural lipo-proteins and arti- 
ficial lipid-protein associations favours an interaction of ionic nature 
between protein particles and lipid micelles. This interaction can take 
place, as in all ionic interactions in solution^ between dissociated com- 
ponents which remain separated. The union of these particles gives 
rise to precipitation. This is not in contradiction to the evidence of 
associated migration in an electric field or simultaneous sedimentation 
in a gravitational field. 

Association in mixed micelles increase the solubility of lipids. In 
addition, ionization of the protein can, because of the interaction, 
increase the ionization of the lipid and therefore increase its solubility 
and dispersion. 

The following structure is compatible with all these properties. In 
solution, proteins and associated lipids constitute two sets of separated 
micelles. Interaction takes place between these two species of micelles 
and all other small ions present, producing neutralization of their charges 
in every small volume element of the solution. 

This state would be represented in the isotropic media of the cells 
or the plasma. The alternating lipid and protein layer structure of 
the myelinic nerve sheath, formed by the same type of elements 
but arranged regularly, would represent the other extreme case. Thus 
the lipo-protein solution would be to the paracrystalline nerve sheath 
what the isotropic soap solution is to the middle-soap or neat-soap 
anisotropic phases.^® 

I wish to thank Mr. R. S. Titchen for his help in writing this paper 
in English. 

Service de Chimie physique^ 

Institut Pasteur^ 

Paris. 

Palmer and Schmitt, Cold Spring Harbor, Symp. Quant. Biol., 1940, 8, 97. 
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GENERAL DISCUSSION* 

Dr. K. G. A. Pankhurst (London) said : According to Dr. Der- 
vichian's model the matrix of the complex is the detergent micelle, but 
we have found that it is possible to observe these phenomena at sub- 
micellar concentrations, e.g., with very dilute gelatin solutions at pH 2 
in the absence of inorganic salt and ca. io“* M dodecyl sodium sulphate, 
or even with octyl sodium sulphate. Any hypothesis to explain the 
formation of detergent-protein complexes must account for the observa- 
tion that, as the detergent-protein ratio (DjP) is increased the complexes 
become increasingly lipophilic (and may in certain circumstances be 
thrown out of solution as a precipitate or a coacervate) until a critical 
DIP is reached where water solubility is minimal, and that increasing 
DIP still further causes the complex to become increasingly hydrophilic. 
The model that I have suggested ^ has the protein as its matrix and does 
not require micelle formation for its initiation. 

Dr. D. G. Dervichian f (Paris) said : Dr. Pankhurst thinks that inter- 
actions between proteins and lipids giving phase separation can occur 
below the critical concentration of micelle formation of the ionic lipid. 
I agree that interactions (i.e. charge neutralization in each element of 
volume) must take place between protein and lipid even if the latter is 
molecularly dispersed. But the point in question is that the best pre- 
cipitants are the molecules containing more than 8 carbon atoms, ** 
higher concentrations of C* or Qo being required as compared to the 
effective concentration of dodecyl sulphate. Dr. Pankhurst has shown 
us that very small concentrations of octyl sulphate do give coacervation 
with gelatin at pH 2. This is in accord with the general conclusions on 
the mutual influence of pH and proportion on precipitation. 

It has also been shown ** that the force of interaction between 
the lipid and the protein is considerably and suddenly increased when 
there are more than eight carbon atoms in the lipid chain. If the 
paraffinic chain of the detergent contributed directly to strengthen the 
bond with the protein (by van der Waals' forces), it would be difficult 
to understand the sudden increase of this binding energy with the appear- 
ance of the micellar dispersion above a certain chain length. 

The view advanced in my paper is that the necessity of bringing in 
van der Waals' forces is due to the linkages which hold together the 
lipid molecules in the lipid micelle. This explains also the fact that with 
dyes having more than one charged group, the binding diminishes.®^ 
In fact, it is well known that the tendency to form micelles diminishes 
with molecules having more than one charged group. 

Finally, the micellar structure of the lipidic constituents in natural 
lipo-proteins would explain particularly the solubilization of the in- 
soluble lipids. This might be accomplished by the formation of purely 
lipidic mixed micelles. 

Dr. J. Bikes (Birmingham) said : In keeping with Dr. Pankhurst *s 
observations we, also, have observed the formation of protein-detergent 
complexes at submicellar concentrations of detergent. This was partic- 
ularly apparent with a chromoprotein such as oxyhaemoglobin. Using 
io“* M solution of sodium hexadecyl sulphate and dilute solutions of 
oxyhaemoglobin, the typical zoning phenomenon, showing both insoluble 
and soluble complexes, was regularly seen. A tentative structure for 
these complexes has been suggested.® 

Dr. D. G. Dervichian (Paris) said : In the work to which Dr. Elkes 
refers the action of hexadecyl sulphate on oxyhaemoglobin has been 
observed at room temperature. The insoluble complexes were obtained 
at pH values below 6*i and ranging down to pH 5*1. It is highly prob- 

♦ On preceding paper. i This Discussion. 

t Reference numbers here and in my later remarks arc to my paper. 

* Elkes and Finean, Surface Chemistry (Butterworth, 1949), p. 281. 
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able that at temperatures below 30® C and at acid pH values, 10“* M 
is not a submicellar concentration (i.e. below the “ critical concentra- 
tion of micelle formation '*) for sodium hexadecyl sulphate. 

This draws attention to a rather frequent error. That is to think 
that, for a given detergent, the critical concentration is independent of 
temperature and pH. First of all, for each detergent, there is a fairly 
sharply defined temperature above which the detergent is dispersed in 
the micellar form giving a colloidal solution and below which the system 
appears as a suspension of microcrystals in water. Above this tem- 
perature, the critical concentration of sodium hexadecyl sulphate (i.e. 
the maximum quantity of detergent soluble under the molecular dis- 
persed form, saturation producing the appearance of micelles) is certainly 
higher than io~*. Below this temperature, there is no more question of 
micelles, the dissolved molecules are in equilibrium with precipitated 
microcrystals and the saturation concentration (and not the ** critical 
concentration *’) is certainly less than io~*. The evidence that in the 
work quoted by Dr. Hikes the detergent at room temperature was below 
this particular temperature is given by the indication that the detergent 
“solution** was previously heated at 40® C before being pipetted into 
each tube. 

Similarly, at a given temperature, decrease of pH below neutrality 
transforms the micellar solution again to a suspension of microcrystals. 
For example, the molecular solubility of potassium laurate was studied 
in my laboratory at 23° C, which is above the critical temperature. If 
for alkaline solutions the critical concentration is nearly io~®, at pH 5 the 
solubility falls to rather less than io~^ M. The experiments quoted by Dr. 
Hikes cannot therefore be invokevd in support of Dr. Pankhurst*s remark, 
particularly as far as the insoluble complexes (precipitate) are concerned. 

As I have admitted in my reply to Dr. Pankhurst, interactions must 
take place in solution between protein and lipid even if the latter is mole- 
cularly dispersed. In my opinion, however, this interaction corresponds 
simply to charge neutralization in each element of volume of the solution. 
In support of this idea. Hikes and Finean's work was one of those I have 
quoted in my paper concerning the striking relation between pH and 
detergent /protein proportion. 

Dr. J. Hikes {Birmingham) {communicated) : Far from being unaware 
of the effects of either temperature or pH on the critical micellar con- 
centration of detergent, detergent-buffer controls (without protein) were 
thought necessary and put up in each and every experiment.^ Moreover 
in the paper referred to by Dr. Dervichian,^ we give the concentration of 
detergent used as 0-13 %. It is at this high concentration that heating 
to 40® C was necessary to ensure “solvation**. Lower detergent con- 
centrations (io~* M) were only employed in later unpublished experi- 
ments, and it is to these that we wish to refer. 

Dr. A. S. McFarlane (London) said : Dr. Dervichian has found a 
general similarity in natural and artificial lipo-proteins, including those 
of serum. I have failed entirely to prepare artificial serum lipo-proteins 
using a variety of lipids — cholesterol, cholesteryl oleate, triolein, phospho- 
lipids, and either defatted serum, or a serum of low natural lipid con- 
tent. Hither the emulsion is not optically clear, or if it is, as for example, 
when using lecithin, the lipid docs not migrate with any of the protein 
components seen in the electrophoresis apparatus. I would like to know 
if Dr. Dervichian or anyone here has been successful in doing this. 

Dr. D. G. Dervichian (Paris) said : Non-ionic lipids cannot be dis- 
persed in the presence of serum. It is possible, however, to get complete 
dispersion by associating substances of different molecular structure in 
proportions which vary with the nature of each constituent. Yet these 
dispersions cannot be obtained by simple addition of the different con- 
stituents to water or serum : very intimate mixing approaching the 
molecular scale must be realized.*** **» *• 
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Regarding migration in an electric field, it is certainly influenced by 
pH and the proportions of lipid and protein. Boundaries common to 
the protein and the detergent have been observed by some authors. **• 

Dr. J. A. V. Butler (London) said : I should like to make an element- 
ary point. Both the speakers have referred to “ protein '' without 
specifying what protein they mean. Everyone will agree that proteins 
vary enormously in their properties and are highly specific in their be- 
haviour. Surely it is desirable always to state what protein is referred 
to. We can hardly expect all proteins to act similarly, even with respect 
to detergents. The fact that one protein behaves in one way and another 
in another way is not very surprising. 

Prof. D. G. Dervichian (Paris) said : The whole interest of the com- 
parison of the results obtained by different authors resides precisely 
in the point that the same behaviour has been observed whatever the 
specified protein or the ionic lipid. General and consistent conclusions 
can definitely be deduced concerning the related influence of pH, con- 
centration of electrolytes, and proportions of protein and ionic lipid. 

Dr. J. T. Edsall (Harvard) said : Dr. Dervichian has emphasized 
the ionic character of the surface of protein molecules. However, in 
addition to the positively and negatively charged ionic groups, there are 
also nximerous non-polar side-chains, so that an ion such as an alkyl 
sulphate would presumably adhere to a protein surface with the sulphate 
radical in proximity to a positively charged group on the protein, while 
the alkyl side-chain could lie next to some adjoining non-polar side- 
chains of the protein.^ This seems a much more likely configuration 
than one in which the alkyl group projects out into the solvent, away 
from the protein surface. 

I should like to second what Dr. Butler has said about the specificity 
of the reactions of different proteins with lipids and related substances. 
I do not believe that the profound difference between serum albumin 
and y-globulin, for example, in their interactions with dyes and with 
fatty acid anions, can be explained by any simple electrostatic mechanism. 
y-Globulin contains numerous cationic groups, which should be capable 
of binding added anions ; yet it shows no specific binding of the sort so 
characteristic of serum albumins. Moreover, as Dubos and Davis have 
shown, the binding is virtually abolished by heat denaturation of the 
albumin, although the positively charged groups remain. Some highly 
specific configurations in the native protein must evidently be required 
for the reaction. 

♦ I doubt whether the failure of y-globulin to bind methyl orange can 
be explained by the pH and the isoelectric point of the protein. Klotz 
and Urquhart * cairied out experiments both at pH 5*7, where the globulin 
is positively charged, and at 6-8, where it is almost isoelectric, and found 
no binding in either case. If there were binding at more alkaline pH 
values, this would be surprising, since the electrostatic effect of the negative 
charge on the protein would repel the anionic methyl orange, and make 
combination more unlikely than at an acid pH. Many anions are indeed 
bound by serum albumin, even when the protein is negatively charged, 
but the recent studies of Scatchard and his associates * using chloride and 
thiocyanate, show that binding of these anions increases as the net charge on 
the protein becomes more positive (or less negative), and the variation with 
protein charge can be satisfactorily explained by the Debye-Hiickel theory. 

As to van der Waals* forces, it seems to me they must play a role in 
such phenomena as the binding of fatty acid anions by serum albumin. 
Dr. Luck’s extensive studies have shown that the binding becomes 
stronger for each additional carbon atom, in the series of anions from 


♦ In reply to Dr. Dervichian 's remark, p. 19. 

* /. Amer. Chem, Soc., 1949, 71, 1597. 

^ Scatchard, Scheinberg and Armstrong, Jr., ibid, (in press). 
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acetate to caprylate. Moreover, the binding is strong at concentrations 
of free anion far below those required for micelle formation. I should 
not care to generalize further. Many of the phenomena discussed at 
this meeting, by Dr. Dervichian and others, clearly require explanation 
along very different lines. 

Dr. D. G. Dervichian [Paris) said : The experimental evidence 
is that methyl orange binds less to y-globulin than to serum albumin. 
Now thCvSe experiments have been done at pH 5*7, that is on the basic 
side of the isoelectric point for serum albumin and on the acid side for 
y-globulin. Another experimental result is that cationic detergents do 
precipitate with y-globulin. It is obvious that specific differences exist 
between proteins, one of these differences being precisely the isoelectric 
point, and the most striking being the immunochemical specificity These 
singularities are very probably bound to differences in the molecular 
structure and configuration (this being pure interpretation). 

Dr. Edsall thinks that the contrast between serum albumin and 
y-globulin in their possibilities of association is due to differences in the 
possibility of binding by van der Waals* forces and cannot be explained 
by simple ionic bonds. Now it is well known that the behaviour in the 
presence of ordinary electrolytes of albumins is also different from that of 
globulins (i.e. very different concentrations of (NH 4)3804 are necessary 
to produce precipitation). Yet in this case it is obvious that the inter- 
action is purely ionic. Similarly, if denatu ration of proteins virtually 
abolishes the binding with lipids, it also modifies profoundly the inter- 
action with ordinary electrolytes (e.g. precipitation). Yet no one would 
think of bringing in some highly specific configuration to explain the 
action of ordinary salts on proteins. No doubt the structure of proteins 
is highly specific, but it is not certain that this specificity of configuration 
intervenes in the interaction between proteins and ionic lipids. In fact, 
we were able to obtain phase separation (precipitation or coacervation) 
using indifferently either anionic and cationic detergents or electrolytes 
such as (NH4)2S04. 

Finally, if by van der Waals’ forces the bond were in specific relation 
to the nature of the lateral non-polar chains, it would be difficult to 
understand how, with a given protein, associations could be obtained 
with substances as different as fatty acids, phospholipids, nucleic acids, 
gum arabic, or dyes, whose paraffin chains are very different from the 
structural point of view. 

Prof. E. Char gaff [New York) said : To me complexes between un- 
specified proteins and gum arabic, or even soaps, do not look exactly 
like my conception of lipo-proteins. In considering individual lipo- 
proteins we shall have to pay attention not only to the polar character- 
istics of the lipid and of the particular protein, but also to the structure 
of the latter. Obviously, serum albumin or globulin will not behave in 
the same manner as thymus histone towards lecithin or phosphatidyl 
serine. Simplification has, of course, its uses ; but by carrying model 
experiments to such lengths, I am afraid, we may end up with the 
proverbial knife without handle which has lost its blade 

Dr. D. G. Dervichian [Paris) said : Prof. Chargaff's remarks are highly 
instructive. They show how far force of habit and mere repetition of 
assertions often appear as argument even in scientific reasoning. From 
the fact that lipo-proteins are not dissociated in the electrical field, it 
has been concluded by Cohen and Chargaff that the bond is not a simple 
saline bond. Now this conclusion is implicitly based on the very familiar 
behaviour of the very simple electrolytes in an electric field, where neither 
the anion (“ blade '’) nor the cation (“ handle '') resemble the lipo- 
protein (*' knife '’) constituents. Thus, while it seems very sound to 
compare a lipo-protein to NaCl, a colloidal electrolyte such as cetyl pyrid- 
inium bromide (which at least has a micellar cation) or even a protein-fatty 
acid mixture, are considered as models very remote from lipo-proteins. 
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It would be rather unfair to the authors of the twenty-six papers 
from which general and consistent conclusions have been derived, to assert 
that their work refers to unspecified proteins. To say that natural lipo- 
proteins look exactly similar to the artificial mixtures of proteins and 
other colloidal electrolytes is certainly overlooking and overstating some 
of the conclusions of this paper. 

The unquestionable fact which comes out from a detailed analysis 
of all the available work done on these associations in the course of the 
past forty years is that, whatever the protein (serum albumin, egg albumin, 
casein, edestin, haemoglobin, globulin, gelatin), or the other colloidal 
electrolyte (lecithin, fatty acids, anionic or cationic detergents, long-chain 
choline esters, bilirubin, nucleic acid, gum arabic, basic or acid dyes), 
the behaviour as function of the pH, salts present, and proportions, is 
the same. 

It can be asserted, on the other hand, that : [a) as far as pH, action of 
salts and electrophoretic migration are concerned, natural lipo-proteins 
behave in a way parallel to that of the different artificial associations 
mentioned above ; {h) with regard to extraction and substitution of lipids, 
as well as the solubilization of the non-soluble lipids, are concerned, the 
behaviour of natural lipo-protcins recalls astonishingly the behaviour of 
artificial lipid-lipid associations. To ignore deliberately this generaliza- 
tion of facts would be to deny any interest in experimental results. 

Prof. M. Macheboeuf (PaHs) said : I should like to ask Dr. Dervichian 
how his very interesting theory takes into account the specificity possessed 
by lipidic cenapses ? I have been able to obtain from horse serum a 
cenapse which contains lecithin and esters of cholesterol only, whereas 
other lipids (non-esterified cholesterol, sphingomyelin, neutral fats) are 
found in other cenapses. How does Dr. Dervichian interpret this specifi- 
city, which seems to exclude certain lipid, although these are chemically 
closely related to those found in the cenapse ? 

Dr. D. G. Dervichian [Pans) said : I can only make a tentative 
suggestion to explain these facts. We were able to show *** that, by 
associating lipids and similar substances, their affinity for water is strongly 
increased, sometimes reaching complete solubility under the form of 
mixed micelles. Thus, under their associated form, the lipids found in 
Prof. Macheboeuf ’s lipo-protein might show a greater affinity for water. 
Furthermore, their ionization might be increased by the ionic interaction 
of the protein molecules, thus producing complete solubilization. There- 
fore, depending on the conditions of precipitation (i.e. decrease of 
solubility by addition of salts or variation of pH) the less soluble lipidic 
associations could precipitate with certain proteins while the others 
remain in solution. 

Dr. G. Popjak (London) said : It is easy to understand the postulated 
ionic lipid-protein association where the “ lipid ** is a soap, which readily 
dissociates, but does Dr. Dervichian think that in a lecithin molecule 
the esterified fatty acids dissociate ? 

Prof. D. G. Dervichian (PaHs) said : Certainly not — the ions to be 
considered in the case of lecithin are those of the phosophorylated choline 
radical. 

Prof. E. K. Rideal (London) said : We have to thank Dr. Dervichian 
for a most interesting paper. As I understand the matter. Dr. Dervichian 
is so perturbed about the fiee energy change involved in a single mole- 
cule of lipid or detergent leaving its micelle and attaching itself to the 
protein by means of the polar group, leaving the non-polar group in the 
water, that he wishes to bring the whole micelle with him. I think we 
cannot give up the view that the non-polar portion of the detergent or 
lipid must take part in an interaction with part of the protein. This 
view is supported by penetration experiments, by drying, and by specificity 
of reaction, especially when we assume modification of structure of this 
portion of the molecule. We must remember that in reactions with 
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proteins it is frequently the protein carboxyl reaction which provides 
most of the energy. 

Dr, D* G, Dervichian (Paris) said : In fact, account should be taken 
of the energy provided by the protein carboxyl reaction. The exis- 
tence of the lipids under the micellar form has to be assumed whenever 
it is necessary to account for extra van der Waals' forces in the bond 
energy. This does not exclude the fact that single molecules would 
interact with the protein, as I have already admitted in my answer to 
Dr. Pankhurst. From my point of view, however, this interaction is 
again a charge neutralization in each element of volume, the two con- 
stituents remaining apart, and does not mean that the molecules of lipid 
stick on to the protein molecule. 


FORMATION OF LIPO-PROTEIN MONOLAYERS 

PART I.— PRELIMINARY INVESTIGATION ON THE ADSORPTION 
OF PROTEINS ON TO LIPID MONOLAYERS 

By P. Doty * and J. H. Schulman 
Received 2 nd June^ 1949 

New techniques have been developed to follow the interactions of proteins 
with electrically charged monolayers at an air-water interface. When steric 
factors prevent the protein molecules from entering the monolayer, adsorption 
of the protein takes place, and this is shown to be dependent on the sign of the 
electrical charge of the compounds which meet at the interface. This adsorption 
is essentially reversible and accounts for the flocculation and re-dispersion of 
emulsions stabilized by anionic or cationic detergents, in contact with proteins 
at different pH's. 

The kinetics of penetration and ejection of proteins in contact with charged 
interfaces have been studied at constant pressure. These processes are dependent 
on the electrical charge of the reactants and the surface pressure at wWch the 
experiments are carried out. Stoichiometric complexes are demonstrated 
between non-polar portions of the protein molecules and the long-chain ionic 
compounds, and the general forces, i.e. electrical forces, and van der Waals* 
forces involved in the association are reviewed. 

Whereas adsorption follows a reversible pattern, monolayer expansion is 
essentially irreversible. The existence of “ bound protein " at the charged 
interface is demonstrated and interpreted. The bearing of these results upon 
the interaction of proteins with long-chain ionic compounds in bulk solution, is 
considered. 

Previous work ^ on protein monolayers suggests that radical changes 
of an irreversible nature take place on spreading of the protein at an 
air-water or oil-water interface. Force-area compression curves of 
the protein monolayers are rather irreproducible above certain surface 
pressures. This is due to the association of the reactive groups present 
in the large protein molecule. The forces involved in these associations 
are responsible for the gel state, or highly viscous characteristics of 
protein monolayers. For the same reasons, studies on monolayers 
obtained by spreading a solution containing protein, lipids or protein- 
soluble surface-active agents, are only of a qualitative nature, and 

♦ Rockefeller Foundation Fellow ; present address. Dept, of Chemistry, 
Harvard University, U.S.A. 

^ Cockbain and Schulman, Trans. Faraday Soc., 1939, 35, 1266. 
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show little bearing on the behaviour of proteins in aqueous solution in 
the presence of long-chain ionic compounds. 

Injection of lipids or detergents under protein films leads to pene- 
tration or displacement of the protein, and the experimental results 
are again difficult to interpret quantitatively.® When non-surface- 
active agents, or poorly surface-active materials are injected under- 
neath protein monolayers better results can be obtained. It has been 
shown that tanning agents possess a certain parallelism in their 
behaviour on protein films and on long-chain amines.® 

To study the interaction of proteins with lipids, and detergents, 
it is necessary to avoid structural alterations of the protein which 
happen by spontaneous spreading and unfolding of the protein mole- 
cule at the interface. The protein is injected underneath the inter- 
acting monolayers maintained at a pressure equal or above 15 dynes/cm., 
and the reaction is followed in terms of the mechanical changes which 
occur through the injection. Such techniques lead to more quanti- 
tative information, and explain the behaviour of protein solutions in 
contact with charged oil-water interfaces. A direct examination of 
the forces involved in protein-detergent association is also obtained. 

Further attempts are being made to study by this method immunity 
or pseudo-immunity reactions, such as certain lipids may undergo 
when associating with serum proteins. Two samples of this system 
are cardiolipin with luetic serum, and R.H. lipid with positive serum. 
For this purpose it was considered necessary to examine by surface 
techniques the interaction which insoluble lipid monolayers undergo 
with different serum proteins present in the underlying solution. 

Part I demonstrates the adsorption on to lipid monolayers such as 
cardolipin, cephalin, lecithin and cholesterol, of serum protein fractions. 
Part II analyses quantitatively the physicochemical conditions related 
to protein-lipid associations and establishes new types of lipo-protein 
complexes. 

Experimental 

Lipid Monolayers. — It has been shown that protein monolayers on 
compression do not stand pressures greater than 16 dynes /cm. without 
crumbling or forming irreversible striations. Also in mixed films with 
cholesterol where weak association can be anticipated, the protein is 
ejected from the cholesterol monolayer into the underlying solution to 
form an adsorbed double layer at pressures equal to the collapse pressure 
of the protein.* 

Therefore should the lipid monolayer be compressed initially to the 
collapse surface pressure of the protein and a very dilute protein solution 
be injected into the underlying solution a strong rise in surface pres- 
sure against time be noted, some association must have taken place be- 
tween the lipid and the protein.® Care must be taken in comparing the 
magnitude of these surface-pressure increases with different lipids owing 
to the different compressibilities of the lipid films. Thus a cholesterol 
monolayer is condensed and very incompressible (40-39 A*) and small 
decreases in area will give large changes in surface pressure. Whereas 
a cardiolipin film is liquid expanded and easily compressible over large 
areas (350 A* — 185 A* per molecule), cephalin and lecithin are similarly 
easily compressible. 

* \^a) Neurath, J. Physic. Chem., 1938, 43, 39. (6) Bull, /. Amer. Chem. Soc., 

1945. 10. 

* Cockbain and Schulman, Trans. Faraday Soc., 1939, 35, 716. 

* Schulman and Rideal, Proc. Roy. Soc. B, 1937, 4 ^- 
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Cardlolipln Monolayers. — Force-area curves of the cardiolipin mono- 
layers on acetate buffer pH 5*1 reveal a liquid-expanded film compressible 
from 350 A® to 185 A* at a collapse pressure of 40 dynes/cm. This assumes 
a molecular weight ® of 2200. 

It is interesting that this molecular weight receives confirmation from the 
surface-film work. Six unsaturated fatty acid radicals are considered in the 
niolecule. The limiting area per oleyl chain is thus 31 A® which is nearly 
identical to the limiting compression area of a single chain of oleic acid. 
From the monolayers work it is easier to consider the structure as three 
dioleyl glyceryl phosphoric acid ester units joined on one glycerine mole- 
cule and not as described by Pangborn ^ with the oleic acid radicals separ- 
ated by the phosphoric acid and glycerine units in the ratio 2/1/1/2. 
Force-area curves of the cardiolipin over the whole pH range would 
possibly clarify this point.* 

Protein Solutions. — The quantity of protein injected into the under- 
lying buffered aqueous solutions was so chosen that its rate of adsorption 
on the free aqueous side of the Langmuir trough was very small over the 
time period of the reaction with the lipid monolayer. Before each reading 
on the torsion head of the Langmuir balance, this free side of the trough 
was cleaned by waxed slides. In Part II where the automatic pressure 
measuring device was used this technique was not required since the 
vertical pressure on the hydrophilic plate hanging in the free side of the 
trough compensated for the surface pressure of the adsorbing protein 
(see Part II). 

A very convenient concentration of the protein in the underlying 
solution was found to be 2 mg. for 300 ml. Various serum protein 
fractions were obtained by ammonium sulphate precipitation and dialysis 
or standard protein fractions. f Haemoglobin was obtained from laked red 
cells and purified by centrifuging in NaCl and dialyzing. In analysing the 
results the possible piesence of lipids in the protein fractions was taken 
into consideration. 

Procedure. — The lipid monolayer is compressed to 14 dynes /cm. 
on a Langmuir trough and the equivalent of 2 mg. protein in 10 ml. 
solution, injected into the underlying solution and vigorously circulated. 
The increase in surface pressure of the lipid film with time, is noted at 
constant area. 

In Part II the gradual expansion (penetration) of the lipid film at 
constant pressure by injection of the lipid protein solution is noted with 
time. Fig. 1-3 shows the changes in surface pressure of the negatively 
charged lipid monolayer cardiolipin with time in the presence of serum 
protein fractions, starting at surface pressures above the collapse pressure 
of the protein films alone. These curves show that on the acid side of 
the isoelectric points of the various protein fractions strong association 
takes place with the negatively charged lipid film. 

On the alkaline side, strong inhibition of this effect takes place. The 
slow rise in surface pressure that is observed on the alkaline side is possibly 
due to two causes (i) a general non-specific surface solution of the protein 
into lipid monolayer (see Part II) and (ii) serum lipids associated with the 
injected protein fraction can prelerentially associate with either the 
film-forming lipid or the protein in solution. This is most noticeable 

® Pangborn, /. Biol. Chem., 1944, 153, 343 ; 1947, 35^. 

* See Grazer, This Discussion. 

t Protein fractions were supplied by Prof. John Edsall and were prepared 
from blood collected by the American Red Cross under contract between the 
Committee on Medical Research of the office of Scientific Research and Develop- 
ment and Harvard University. Protein fractions were also kindly supplied by 
Armour Co. Ltd. 

We are grateful to Dr. Mary C. Pangborn for help in obtaining information 
and supplies of cardiolipin, and to Prof. Blix, Uppsala, Sweden, for cephalin 
samples. 
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in the case of a-globulin which is known to have surface-active lipoids 
associated in this fraction ; whereas the albumin and y-globulin fractions 
do not show this phenomenon. 



Fig. I — Pressure rise of cardiolipin monolayer on injection of 
human albumin, pH effect. 



Time in minutes 

Fig. 2 — Injection of a globulin, pH effect. 
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In Fig. 5 a curve is taken from the work of Czeczowiczka ® using whole 
horse serum protein injected under a cholesterol film. This demonstrates 
the competitive lipid -protein effect in solution, since with a cholesterol 
monolayer reacting with albumin no pH effects are observed. Thus with 
a lipid-free protein the surface solution of protein molecules into uncharged 



Fig. 3 — Pressure rise in cardiolipin monolayer on injection of 
y globulin, pH effect. 

lipid monolayer, such as cholesterol, is small and independent of the pH. 
In Fig. 5 the rise in surface pressure of a cholesterol film is seen to be 
comparable with the surface-pressure rises in reacting charged lipid- 
protein systems. This is shown in Part II to be quite small when the 
incompressibility of the cholesterol film is taken into account. On analysis 



Fig. 4 — Pressure rise of cephalin monolayer on injection of human 
albumin, pH effect 


of the curve obtained by expansion at constant pressure, it is found that 
simple surface solution in the cholesterol monolayer is taking place. 

Fig. 4 shows albumin associating with a cephalin film which behaves 
as a negatively charged monolayer over pH range 2-14. The albumin- 
cephalin association cuts out sharply at the isoelectric part of the albumin. 

• Schulman, Biochem, 1945, 39, 54. 
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No association takes place at pH’s more alkaline than pH 4"6, No 
association could be measured with the serum protein fractions with lecithin 
monolayers over the pH range 3-1 1. 



Time »n Minutes 

Fig, 5 — Pressure rise of cholesterol monolayer on injection of 
horse serum protein (i), pH effect. 

Gardiolipin — Luetic Sera. — ^Attempts were made to measure by this 
technique the possible specific association of luetic sera and mixed films 
of cardiolipin-lecithin and cholesterol in varying proportions. No 
association could be measured other than that given by the normal sera. 

This was surprising in view of the fact that in the Kahn reaction, the 
specific adsorption and isolation of a globulin protein has been estab- 
lished on the mixed suspensions of the three above-mentioned lipids in 
the presence of luetic serum.’ Globulin fractions obtained from the 
luetic sera also gave no positive association on the mixed lipid monolayers. 

A possible explanation could be that in these surface technique experi- 
ments, the concentration of the protein in solution is about 1/200,000 
whereas in the Kahn reaction association of the globulin on the mixed 
lipid suspension in a very strong positive luetic serum rarely exceeds a 
dilution of the luetic serum of more than i/ioo (on protein about 1/1200). 
It is not possible at present by surface techniques to work at these high 
protein concentrations. It might be possible to measure these types of 
specific lipo-protein associations by surface techniques in those S5^tems 
(RH lipid) where the protein is reactive in very dilute solutions.® 

Analogy with the pH^controlled Emulsion Flocculation Work. — 
The preceding result is even more surprising when one considers the analogy 
of the flocculation of emulsions of oil droplets • with the pH-controlled 
monolayer adsorption work described in this paper. Similar long-chain 
ionic compounds are used in both works in the presence of protein solu- 

’ Eagle, Lab. diag. Syph. (St. Louis, 1937). 

• Price, J. Amer. Chem. Soc., 1948, 70, 3527, 

• Hikes, Frazer, Schulman and Stewart, Proc. Roy. Soc. A, I945» 184^ 104. 
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tions in concentration sufficient to cover the surface of the emulsion 
droplets with a monolayer of proteins. 

In the Kahn reaction the protein can be adsorbed specifically against 
tlie charge on the aggregate, since the specific adsorption functions equally 
well in acid or alkaline solution. The cardiolipin-lecithin surface is 
negative and the protein also can be negative on the alkaline side of its 
isoelectric point. The repulsion forces thus arising are not sufficient to 
prevent specific adsorption of the protein molecules in the luetic serum. 
It could then be considered that specific action of the luetic protein is 
related to the non-polar portion of the protein molecule. 

In Part II where the irreversible penetration of the protein molecule 
or bound protein is considered on the alkaline range of the isoelectric 
point for negatively charged lipid monolayers in contrast to the reversible 
adsorption of the adsorbed protein molecules, an analogy with, or inter- 
pretation of the Kahn reaction may be found. 

Our thanks are due to Dr. J. H. McCoy for considerable help and 
encouragement and to Mrs. M. Doty for collaboration in the experi- 
mental work. 

Department of Colloid Science, 

The University 

Cambridge. 


PART II.— MECHANISM OF ADSORPTION, SOLUTION 
AND PENETRATION 

Bv R. MaTALON * AND J. H. ScHULMAN 
Received 2 nd June, 1949 

Most of the work on the interaction of proteins with long chain 
ionogenic compounds .such as detergents has been carried out in bulk 
solution.^ When studying these interactions at interfaces two main 
difficulties are encountered. They are (i) spontaneous spreading and 
unfolding of the molecule when a protein spreads at pressures less than 
15 dynes/cm.*, (ii) the marked solubility of the detergents in water 
which prevents the formation of stable monolayers at the air-water 
interface.^ To obviate these difficulties long-chain ionic compounds 
of a pronounced hydrophobic character were spread at the surface, 
kept at pressures equal to or above 15 dynes/cm, and the proteins 
were then injected into the underlying solution. These long-chain 
ionic compounds are structurally analogous to the usual detergents 
in that they contain a polar group and a hydrophobic tail ; the only 
difference is the increased length of the hydrophobic residue of the 
molecule which is responsible for the marked stability of the mono* 
layers on the surface of the water. 

Cardiolipin and C22H45S04Na produce negatively charged mono- 
layers at all pH values. Stearylcholine on the other hand gives 

• Oliver Gatty student. 

' Putnam, Advances in Protein Chemistry, 1948, 4, 79. 

• Cockbain and Schulman, Trans. Faraday Soc., 1939, 35, 1266, 

• Bull, J. Amer. Chem. Soc., 1945, 67, 10, 
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positively charged monolayers provided that care is taken to exclude 
polyvalent anions such as phosphate,^* ® which, on adsorption on to 
the monolayer, can discharge it and possibly reverse its sign. The 
behaviour of uncharged monolayers has also been studied and, in these 
instances, cholesterol has been used. 

On studying the interaction of these monolayers with proteins, 
it is possible to distinguish three processes : adsorption, penetration, 
and solubility. 

Adsorption is observed under certain conditions where the protein 
is injected below a monolayer kept at constant area. The protein is 
thus prevented from entering extensively into the surface, and the 
pressure rise observed is mainly due to the association of the polar 
groups of the protein with those of the monolayer. 

Similarly, solution and penetration of the protein take place when 
the pressure of the monolayer is kept constant. During these latter 
processes, spontaneous expansion of the monolayer takes place. The 
rate of extension determines whether the protein is entering the surface 
by solution in the monolayer or by molecular interaction resulting in 
the association of the polar groups of the reactant, and van der Waals' 
attraction between the long hydrocarbon residue of the monolayer and 
the side chains of the proteins. 

Experimental 

New techniques developed • recently for studying monolayer inter- 
actions at air- water interfaces have been applied to this particular study. 
Although monolayer interactions have been the subject of a great deal 
of work one practical difficulty is inherent in this method when the re- 
actant injected is surface active. In these conditions, the pressure 
measured is no longer that of the interacting monolayer, but is the 
pressure difference between this monolayer and the pressure of the film 
of the adsorbed solute on the free water side of the boom. Hitherto 
the surface pressure value was obtained by repeatedly sweeping the free 
water side with waxed slides to remove the adsorbed molecules. As well 
as disturbing the surface, a certain error was inevitable as the adsorbed 
layer was never completely removed by this process. The technique 
adopted in these experiments introduces a device • which automatically 
cancels the pressure of the adsorbed layer and so renders the cleaning of 
the surface unnecessary. The. principle of the compensation is that a 
monolayer exerts upon a surface passing vertically through it an upward 
pressure equal to that which it exerts horizontally. Hence a hydrophilic 
plate dipping in the free water side can be so attached to the torsion 
wire that the moments of the horizontal and vertical forces about the 
centre of the wire are opposite and equal. 

Furthermore the general technique frequently used for studying the 
phenomenon of penetration was the recording of the compression curve 
of the mixed film. The existence of stoichiometric complexes was deduced 
from the changes of slope, or the kinks, of the compression curve. Should 
the compression be carried out at a rate greater than the rate of ejection 
of the solute injected, crumpling of the monolayer occurs thus leading 
to metastable states ’ difficult to interpret. This has been shown to be 
most pronounced with rigid or solid interacting monolayers. 

To avoid these complications, the technique of spontaneous extension 

^ Schulman and Cockbain, Trans, Faraday Soc,^ 1940, 35, 663. 

® Hikes, Frazer, Schulman and Stewart, Proc. Roy, Soc. 1945, 184, 104 

® Matalon and Schulman, J, Colloid Sci.» 1949, 4, 89. 

’ Matalon and Schulman, Trans. Faraday Soc., 1947, 43, 479. 
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or ejection of the monolayer at constant pressure, first used by Schulman 
and Stenhagen,® has been developed.® 

The Langmuir trough to which is attached the compensating plate is 
equipped with a constant pressure device which operates a relay. This 
relay controls the movement of a motor which expands or compresses 
the monolayer when the surface pressure acting on the boom is above or 
below a certain value. This value can be adjusted before setting the experi- 
ment. By using a platinum-mercury contact the pressure can be main- 
tained constant within 0*2-0* 4 dyne, and the surface variation of the 
monolayer under injection can be followed with great accuracy. 

Adsorption and Desorption at Constant Area. — The protein dis- 
solved in a buffered solution is injected into the bath which is on the 
positive side of the isoelectric point when the surface is covered by nega- 
tively charged monolayers such as cardiolipin or C2jH45S04Na. For 
stearylcholine, a positively charged monolayer, the pH at which the 
protein is injected is 10 and an acetate buffer is present in the bath. 

The presence of the buffer permitted small and gradual variation of 
the pH values in the buffering range of the salts : this insured a constant 
pH after an injection during the course of the experiments. 

Results 

The rise in pressure of the monolayer kept at constant area following 
this injection is recorded with time until a state of equilibrium is reached. 



Fig. I — Reversible adsorption of sheep haemoglobin on to 
cardiolipin. (Negative interface). 


This is usually attained 40 min. after the injection of the protein. When 
the levelling of the pressure-time curv^e is reached small amounts of alkali 
or acid are injected into the trough, and the pressure variation of the 
surface film is recorded in ]:)arallel with the pH variation. The pH is 
measured using indicators, with an accuracy of o* 2-0*3 pH unit in the 
pH range 3*6 to 10. 

( a ) Protein and Monolayer Oppositely Charged (Fig. 1-5). — 
When the protein is injected so that the sign of its electrical charge is 
reverse of that of the monolayer, the pressures reached vary between 
27 and 30 dynes /cm., except in the case of C22H44S04Na and albumin 
where this pressure is about 37-38 dynes/cm. The marked increase in 
pressure observed in this particular system is due to the very low com- 
pressibility of the C22H45S04Na monolayer, and to the marked length 

® Schulman and Stenhagen, Proc. Roy. Soc. B, 1938, 126, 356. 

• R. Matalon (unpublished work). 
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of the hydrophobic portion of this molecule which increases the affinity 
to the few side chains of the polypeptide backbone of the protein which 
can enter into the monolayer. 

(b) Protein and Monolayer Similarly Charged (Fig. 1-5). — ^As 
soon as the pH is altered so that the sign of the protein becomes the same 



Fig. 2 — Reversible adsorption of bovine albumin on to cardiolipin. 
(Negative interlace). 

as that of the monolayers, a decrease in the pressure is observed. De- 
sorption is quite rapid and is over in a period of 15 to 20 min. 

The essential feature of these experiments is their reversibility, in that 



6 pH fO M 


Fig. 3 — Reversible adsorption of bovine albumin on to C,, sulphate. 
(Negative interface). 

the pressure of the monolayer can be raised to its initial value, after de- 
sorption, by adjusting the pH to its original value. 

(c) Anomalous Behaviour of y-GLOBULiN. — In the case of y-globulin 
this reversibility is not so marked : o*6 % of NaCl is used in the trough 
to obtain the protein in solution. 
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When the y-globulin-cardiolipin system has been slowly brought 
from pH 4 to pH 10, to construct curve i of Fig. 4 and when it is restored 
to the original pH. a pressure sensibly higher than the original is found. 
If it is now again brought slowly over the pH range studied in curve i, 
the same shaped curve is produced (curve 2) with this increase of 
pressure maintained throughout. 



Fig. 4 — Adsorption of y-globulin (o*6% NaCl) on to cardiolipin. 
(Negative interface). 


General Behaviour of the Desorption Curves. — Although by acid or 
alkali injections the sign of the protein can be reversed as the isoelectric 
point is crossed, the entire pressure variation is not completed at the 
reversal of the charge (Fig, 1-5), but occurs gradually upon varying the 
pH and reaches a constant minimum value. These values are gener- 
ally greater than 15 dynes /cm. The actual figures recorded are : 


System 

Pressure Dynes /cm. 

Protein 

Monolayer 

Bovine albumin 

Cardiolipin 

I 7'5 


C„H45S04Na 

i8-5 

Haemoglobin 

Cardiolipin 

21 


Stearylcholine 

21 

y-Globulin 

Cardiolipin 

24’3 (curve i) 



25*5 (curve 2) 


The original pressure of the monolayer is 15 dynes /cm. From these 
results is appears that the pressure of the monolayer attained by adjusting 
the pH of the bath to the non-reactive protein, is essentially dependent 
on the nature of the protein and does not seem related to the nature of 
the monolayer present at the interface. 

While with bovine albumin on cardiolipin or C^C45S04Na a pressure 
rise of 2 *5-3 *5 dynes /cm. above the initial pressure of the monolayer is 
observed ; with haemoglobin on cardiolipin or on stearylcholine this 
pressure difference is 6 dynes /cm. 

The marked increase of 9*3-10-5 dyne/cm. observed in the case of 
y-globulin with cardiolipin is probably due to the high molecular weight 
of this protein and also, possibly, to the existence of traces of lipids present 
as an impurity in the fraction under investigation. 
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Solutian and Penetration at Constant Pressure* — In order to deter- 
itiine the influence of electrical forces on the association of protein with 
long-chain ionic compounds, the behaviour of a neutral molecule such 
as cholesterol, in the presence of proteins has been studied and compared 
with the association of negatively charged monolayers with proteins. 

(a) Solution Effect. — Haemoglobin-Cholesterol. — ^When haemo- 
globin is injected at pH 4-6-4*8 under a cholesterol monolayer kept at 


28 


26 


24 


22 


20 


Fig. 5 — Reversible adsorption of sheep haemoglobin on to steary 1 -choline. 

(Positive interface). 

14 dynes /cm. pressure an expansion is observed (Fig. 6) which after 7 min. 
becomes linear. This indicates that the expansion of the cholesterol is 
due to solution of the protein in the monolayer and not to a specific 
interaction between the two compounds. This conclusion is supported 
by the previous work® where gliadin is ejected from a cholesterol mono- 
layer at its own collapse pressure. 



Fig. 6 — Surface solution of haemoglobin in a cholesterol monolayer. 


Seventy minutes after the injection of the haemoglobin the cholesterol 
monolayer had extended by 33 % but the film was still liquid, while on 
the free water side was a strong gel due to the formation of an adsorbed 
layer of the protein. 

ip) Solution Effect and Penetration. — ( i) Protein and mono- 
layers oppositely charged . — Haemoglobin injected under a film of cardio- 
lipin at ^5 dynes /cm. pressure and at pH 4 causes rapid extension of the 
monolayer followed, after 55 min. by a linear expansion similar to the 
solution effect observed on the cholesterol monolaver. Thus the curve 
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obtained (Fig. 7) is a summation of rapid penetration and slow solution, 
the two parts of which can be distinguished by projecting the linear portion 
of the curve back to the extension axis. The area at which this line cuts 
the axis is that increase due to complete saturation of the monolayer 
by penetration, the remaining increase is due to the process of solution. 



(ii) Neutral protein and negative interfaces. — If haemoglobin is now 
injected at its isoelectric point, no expansion is observed due to protein 
entering the Ct,H45S04Na monolayer kept in a pressure range of 28 to 
20 dynes/cm., for a period of 35 min. If, after this period, acid is injected 
to shift the pH to i, well on the acid side of the isoelectric point, very 
strong penetration occurs at 28 dynes/cm. pressure, and 100 % extension 



of the original area is produced within 40 min. This shows that the 
phenomenon of penetration is controlled by electrical forces. 

(iii) Physical state of expanded monolayers. — ^While the cholesterol 
monolayer remained liquid aftei the expansion, cardiolipin and 
Ca2H45S04Na become strong gels when the protein penetrates them. 

(iy) Influence of steric factors on penetration."* — ^When the haemoglobin 
is injected at pH 3 below a C8*H45S04Na monolayer at 31 dynes/cm, 
B 
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pressure, the maximum extension observed is 33 % (Fig. 9, curve la), 
A further extension to 66 % is obtained by adjusting the pressure to 28 
d)nies/cm. (Fig. 9, curve I&). Finally at 25 dynes /cm. the monolayer soon 

• -Pemtrafion at 3 j 

X"* £ jection at pH to j > j 

5/7y. Haemo^obu^ / JOOmL ^ I 


I 

d^jnt.fcm 


W ^26 dun9. /< 


Time tn minutes. 

Fig. 9. — Surface pressure and pH variation on the kinetics of penetration and 
ejection of haemoglobin with Caa sulphate. The existence 
of “bound protein.** 

develops a constant linear increase showing an added solution efiect 
(Fig. 9, curve Ic). These experiments demonstrate that the closer the 
packing of the chains in the monolayer the less penetration occurs. 


5mq Haemoglobin/ 


\1 ^ UiO 


Time m minutes- 

Fig. 10. — ^Demonstration of irreversibly “ bound protein ** in system 
Caa sulphate-haemoglobin. 

(v) Existence of “ Bound Protein :* — If under this haemoglobin 
C8aH4aS04Na system at pH 3, NaOH is injected to increase the pH to 
10, rapid ejection of the protein takes place from the monolayer (Fig. 9, 
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curve II) and the area attained once the ejection is complete exceeds the 
original area of the unpenetrated monolayer by 35 %. This increase in 
area is due to irreversibly bound protein associated with the inter- 
face by non-electiical forces, while the protein readily ejected by pH 
changes is associated with the monolayer mainly by the action of electrical 
forces and is thus expelled when the sign of the protein is reversed. 

Re-expansion of the monolayer can readily be obtained if the pH 
is now decreased to 4-2 by a new injection of acid. In this case the com- 
plex protein C2 2H46S04Na is reformed but the rate of solubility of the 
protein in the monolayer has increased, i.e. the slope of the linear part 
of the cuive is steeper (Fig. 10, curve III). It is interesting to note that 
if the pH is again increased to 6*4-6*5 close to the isoelectric point, no 
displacement of the interface is observed for a period of ii min. and the 
area is constant (Fig. 10, curve IV). 

Re-ejection of the protein is now obtained on altering the pH to 10. 
When equilibrium is reached the monolayer occupies an area 80 % greater 
than its original area before penetration (Fig. 10, curve V). 

Although penetration of a charged monolayer does not take place at 
the isoelectric point, once a monolayer is penetrated, only reversal of the 
sign of the protein will eject it. Furthermore, reversing the sign of the 
protein causes ejection of some of the protein only. 

Discussion 

Adsorption and Desorption. — Desorption of proteins from electri- 
cally charged monolayers has been studied by following the variation of 




Fig. II. — Structure of the mixed films : protein — negatively charged monolayer, 
a. on reversible adsorption, b. on irreversible penetration. 

surface pressure with varying pH on either side of the isoelectric point 

The experiments carried out at constant area show the mechanism 
of one type of association between the protein and the charged inter- 
face, but a more complete interpretation of the results is obtained when 
the expansion experiments are considered at the same time. 

A marked rise in surface pressure follows injection of proteins under 
electrically charged monolayers kept at constant area, if the protein 
and the monolayer are oppositely charged. This rise is almost entirely 
due to polar-polar interaction, van der Waals* forces are not appreci- 
ably involved since as expansion experiments show, the protein cannot 
enter the film at the pressures thus reached (Fig. lia). 
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It might be expected that the polar-polar interaction between 
the monolayer and the protein will increase as the pH becomes more 
distant from the isoelectric point, as it is known that the charge of the 
protein increases the further the pH is moved from this point. But 
experimentally the pressures observed on the desorption curve are 
almost constant in the whole range of pH where protein and spread 
monolayer are oppositely charged ; this is because the structure of the 
protein-monolayer association limits the possible rise. Indeed, the 
maximum pressures at which marked expansion of monolayers by 
proteins can occur is only slightly less than the pressures at which 
these penetrated monolayers are ejected and collapsed (33 dynes/cm.). 
For example if haemoglobin is injected under cardiolipin at pH 4 and 
the surface pressure maintained at 25 dynes/cm. (5 dynes/cm. lower 
than the pressure observed 36 min. after the injection (30 dynes/cm.) 
for this particular system at constant area) a rapid extension of the 
monolayer will occur, doubling its area in 36 min. (Fig. 7), 

Furthermore, the maximum pressures that such a penetrated film 
can sustain, can be determined by recompression of the extended 
film to its original area. This pressure is found to be 33 dynes/cm. 
which is 8 dynes/cm. higher than the expansion pressure (25 dynes/cm.) 
and 3 dynes/cm. greater than the maximum pressure (30 dynes/cm.) at- 
tained at constant area. It is thus impossible to follow the varying 
degree of affinity of the protein and monolayer when oppositely charged, 
solely by studying the desorption curve. 

The expansion technique would enable these variations to be 
studied. No expansion of a C22H45S04Na monolayer by haemoglobin 
takes place at the isoelectric point at 25 dynes/cm. pressure, while a 
very rapid expansion occurs when the protein is well on the acid side. 
Furthermore, if expansion is done at 28 dynes/cm. at pH i, 100 % area 
increase is observed (Fig. 8), while at pH 4 66 % only of the extension 
is produced (Fig. 9, curve ifr). 

Considering again the desorption curve in the pH range where 
the sign of the protein becomes identical with that of the monolayer, 
as the protein increases in charge, the pressure falls in all systems 
investigated. But this fall is gradual, and is complete only at pH 
values well separated from the isoelectric point (Fig. 1-5). 

Again it would have been expected from the amphoteric character 
of proteins, and from the mechanism of the adsorption process, mainly 
polar-polar interaction, that the surface pressure would have suddenly 
decreased to the original pressure of the monolayer (15 dynes/cm.) 
on crossing the isoelectric point. 

These experimental results indicate that desorption of the proteins 
involves other factors than the overcoming of electrical forces. We 
know that the rise in pressure observed is due to some compression of 
the monolayer by the few side chains of the proteins which enter it, 
and which associate by van der Waals’ forces to the long hydrophobic 
chains present at the surface. Hence complete desorption will 
necessitate overcoming these forces also. 

In fact, even when maximum desorption is reached the pressure 
of the monolayer is still higher than its original pressure : the greater 
the molecular weight of the protein, and the higher the probability 
of the existence of uncharged lipids, the higher is the pressure reached 
at complete desorption. 

The rise in pressure above 15 dynes/cm., of charged monolayers 
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by proteins similarly charged is not only observed in the desorption 
process but in the adsorption process (see part I). The mechanism of this 
rise may be found in the solution effect. The pressure rise obtained 
when the protein and monolayer are similarly charged does not mean 
that there is strong association between them under these conditions. 
In fact, detailed analysis will show that this expresses only very few 
contacts. 

The important point is that as the isoelectric point is crossed the 
pressure falls. Now the pressure reached at maximum desorption 
indicates a saturation in the adsorbed layer and this saturation has been 
demonstrated by the expansion technique. Indeed, at acid pH values 
the protein is extensively accumulated below the negatively charged 
monolayer and orientated by an attractive electrical field of force. 
This is shown by the marked increase in area of the monolayer when 
the protein is allowed to enter the surface. It can be shown too, that 
at and beyond the isoelectric point no penetration occurs, i.e. through- 
out the region where the protein and monolayer are similarly charged. 

Solution and Penetration. — Expansion experiments show that 
solution and penetration of proteins take place during the extension 
of monolayers, and it is easy to distinguish the two processes by studying 
the rate of extension. Solution effect is due to simple diffusion of the 
protein to the surface and this process is characterized by a constant 
rate ; thus a linear extension is obtained (Fig. 6). 

Penetration is due to a marked interaction between the mono- 
layer and the protein in solution. The rate of this interaction is 
therefore dependent on the concentration of the two reagents. For 
a constant concentration of the protein in solution the rate is pro- 
portional to the number of non-associated molecules present in the 
surface. Thus penetration follows a law of pseudo first-order reaction 
(since the concentration of the reacting protein is not varied by the 
reaction), and the rate of extension decreases as the monolayer expands. 

It is experimentally possible to show the existence of the solution 
effect exclusive of any other process, whilst penetration is in most cases 
accompanied by solution. Failure to distinguish between the two 
processes had led several authors dealing with the penetration phenomena 
to doubtful conclusions as to the conditions of existence of stoichio- 
metric complexes. In the case of haemoglobin interacting with 
cardiolipin (Fig. 7) or C22H4jS04Na (Fig. 8), 100 % extension due to 
penetration was shown to exist. This indicates that one chain of the 
monolayer associates with one chain of the protein (Fig. lib). It is 
therefore possible to characterize stoichiometric complexes which 
result from “ chain interaction. 

This result is explained if the protein has available, side chains 
orientated towards the monolayer. It appears therefore that the 
globular structure of proteins in solution with boundaries covered with 
hydrophilic groups only, is being altered when in contact with long- 
chain ionic compounds. Such an alteration would help to explain 
some of the effect of detergents on the structure of proteins. Whereas 
in the adsorption of proteins on to charged interfaces van der Waals* 
forces are of a minor importance, it would appear that these forces 
are responsible for the expansion of uncharged monolayers such as 
cholesterol. 

Schulman, Stenhagen and Rideal, Nature, 1938, 141, 785, Joly, Nature, 
1946. 158, 26. 
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** Bound Protein. ” — The effect of pH on the expansion of charged 
interfaces shows the effect of electrical forces, while the irreversibility 
of the expansion demonstrates the van der Waals' forces. Indeed 
it has been shown that expansion of a charged monolayer does not 
take place at the isoelectric point, and that the monolayer already 
expanded at convenient pH values does not contract when the pH is 
adjusted to the neutral region of the protein. 

Extra energy is needed to eject from the surface the side chains of 
the proteins associated by non-polar forces to the monolayer and this 
energy can be supplied by reversing the charge of the protein. In this 
case only partial ejection occurs. 

The “ bound protein ” is a constituent of the expanded monolayer 
which cannot be ejected by altering the pH. The nature of this “ bound 
protein ” is of great interest. Although more experiments are still 
needed, it would appear that the bound protein is that which has 
entered the surface by a mechanism which involves only the action of 
van der Waals’ forces and which is completely independent of any 
polar-polar interaction. Such a mechanism is found in the solution 
effect and has been proved to take place simultaneously with the 
penetration. 

The probable structures of adsorbed proteins on to charged mono- 
layers and of the chain complexes between protein and long-chain 
ionic compounds as obtained by penetration have been described in 
Fig. II. 

Analogies to Reaction in Bulk. — Previous work shows cases of 
reversible and irreversible changes when the proteins are adsorbed 
on to charged oil-water interfaces, as with emulsions, and then desorbed. 
Haemoglobin for example is regenerated as parahacmatin ^ which is 
less soluble, and has lost its biological properties, whereas snake 
venoms and toxins can regain their full activity on desorption. 

The present work has differentiated two mechanisms of interaction 
of proteins at charged interfaces. Adsorption which is readily revers- 
ible involves mainly interaction of polar groups which are available 
on the surface of the protein molecule without involving any change 
of the molecular configuration, whereas penetration necessitates radical 
alterations in the molecular structure to enable the non-polar chains 
to enter into the surface, and associate by penetration with the non- 
polar portion of the film forming molecule. 

By analogy it could thus be assumed that where irreversible changes 
are observed with the emulsion technique, penetration at the charged 
oil-water interface has taken place. 

Adsorptions both at the charged oil-water, and air-water interfaces 
are conditioned by pH and are related to the charge of the protein 
coming in contact with the interface. The emulsion flocculation range 
which has been indicated in Fig. 1-5 show that as soon as re-dispersion 
of the emulsion is noticed the pressure of the monolayer falls markedly, 
and this occurs on the side of the isoelectric point where the protein 
and monolayer are similarly charged. 

Similar to the flocculation of emulsions, proteins can be reversibly 
precipitated by oppositely charged long-chain ionic compounds. 
Furthermore several authors have shown that soluble lipo-protein 
associations can exist over the pH range where the proteins and 

“ Frazer and Stewart, Brit. J. Expt. Path., 1940, 21, 361. 
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long-chain ions are similarly charged.^* This observation is confirmed 
by the present work, where the existence of “ bound protein ” is 
demonstrated at the non-reactive pH range of the proteins. 

Our thanks are due to Dr. 1. S. Longmuir for haemoglobin prepara- 
tions, and to Mr. A. Dunn for technical assistance. 

Department of Colloid Science^ 

The University^ 

Cambridge, 

Steinhardt and Fugitt, J. Res, Nat. Bur. Stand., 1942, 29, 315. Stein- 
hardt, Fugitt and Harris, ibid., 1941, 26, 293. 


GENERAL DISCUSSION* 


Dr. J. Glazer [Cambridge) said : Doty, Matalon and Schulman have 
described and characterized the different types of affinity exhibited by 
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certain proteins towards charged monolayers, one of which was cardio- 
lipin. Doty and Schulman observed that monolayers of cardioplipin on 
acetate buffer (pFI 5'i) collapsed at an area of 185 A* per molecule, 
thereby providing strong evidence for the existence of six unsaturated 
long chains in the molecule, each of which is known to occupy ca, 30 A* 
at the collapse point. They suggested that the monolayer behaviour 
seemed more consistent with a structure a involving three glyceryl 
phosphoric acid units joined to one glycerine molecule, rather than the 
linear structure b proposed by Pangbom.^ (See structural diagrams 
A and B.) 

♦ On two preceding papers. 

^ Pangborn, J. Biol. Chem., 1947, 35 
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In choosing between these basic structures, the fact that no mono- 
glyceryl triphosphates have ever been isolated from natural sources or 
prepared synthetically makes it rather unlikely that the structure a 
is correct. The method of molecular models shows that while such a 
structure is consistent with a globular type of molecule, in which the long- 
chain units radiate out symmetrically from the central glyceryl tri- 
phosphate core, it would be quite impossible for a molecule having this 
structure to unfold so as to produce a stable monolayer. Furthermore, 
as will be shown below, the Pangbom structure b is fully consistent with 
the monolayer properties of cardiolipin, although it would seem that 
a modification, involving intramolecular electrostatic cross-linking between 
adjacent phosphate groups, is necessary to explain several of its properties. 



A more detailed investigation has now been made of the monolayer 
properties of cardiolipin, using a Langmuir- Adam trough which permitted 
simultaneous measurements of surface pressure and surface potential. 
The results are shown in Fig. i. 

The phospholipid was spread from ethyl alcohol solution (0*76 mg. /ml.) 
on to substrates of varying pH and containing various salts. It was 
found that cardiolipin does not spread completely on distilled water, 
whereas the presence of salts in the aqueous substrate results in complete 
spreading. When cardiolipin is spread on distilled water and the sub- 
strate is then injected with phosphate buffer, the cardiolipin remains 
on the surface in its unfolded form. A subsequent spread of cardiolipin 
on to the same phosphate substrate results in complete spreading, the 
resulting monolayer having an area {at the collapse point) of 180 A* 
per molecule. Complete spreading was found to take place on M/ioo 
HCl, M/20 phosphate buffer (pH 7-4), M/ioo CaCla (pH 8*5), M/7 NaCl 
(pH 8*o) and M/20 borate buffer (pH io*i), whereas incomplete spreading 
took place on distilled water and M/5000 HCl substrates. It can be seen. 
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therefore, that the ethyl alcohol present in the spreading solution is 
responsible for the initial spreading process, while the presence of electro- 
lytes in the aqueous substrate is necessary for the stabilization of the 
completely spread monolayer at the surface. (It should be mentioned 
that the instability of the cardiolipin monolayer is due to the spontaneous 
accumulation of three-dimensional islands or conglomerates in the sur- 
face. This type of spontaneous collapse is, in general, observed when 
the intermolecular attraction of the monolayer exceeds the adhesional 
attraction between the monolayer and the aqueous substrate.) The 
nature of this stabilization is a matter for discussion, but it seems reason- 
able to ascribe it to the disruption, by the dissolved electrolyte, of inter- 
phosphate cross-links in the cardiolipin molecule. It is suggested that 
cardiolipin, under normal conditions (i.e. in the folded state), contains 
the following type of intra-molecular cross-linking involving a “ sodium 
ion bridge, as in structure c, the function of the positive sodium ion 
being to link together a formally negatively charged oxygen ion with a 
semi-polar negative oxygen atom. Should these cross-links be sufficiently 
strong to overcome the affinity of the sodium ion and phosphate group 
for the aqueous substrate, then the molecule will not unfold completely 
to form a monolayer ; this is found experimentally on distilled water and 
M/5000 HCl. The presence of sufficient electrolyte in the aqueous sub- 
strate serves to disrupt the cross-links by increasing the adhesion of the 
ionic part of the cardiolipin to the aqueous phase, as a result of ion-ion 
attraction. 
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Reference to Fig, i shows that cardiolipin forms liquid-expanded 
monolayers on aqueous substrates containing electrolytes. The surface 
characteristics are summarized in the following Table. The limiting 


Substrate j 

! 

Lim. Area 
at low 
Pressure 
(A® per mol. ) 

Diwle at 
low Pressure 
(Milli-D) 

Area at 
Collapse 
(A® per mol.) 

1 

Dipole at 
Collapse 
(milh'D) 

0-85 % NaCl .... 

350 

2000 

180 

[ 1400 

Phosphate buiier (pH 7 ' 4 ) ■ 

350 

1800 

184 

1300 

1 % CaCI, .... 

340 

2450 

160 

1500 

M/100 HCl .... 

310 

1850 

175 

1320 


areas, both at zero pressure and at the collapse pressure, are best char- 
acterized by discontinuities in the surface dipole (rather than the surface 
pressure), since this function is appreciably linear over considerable 
ranges. From a consideration of both the above Table and Fig. i, it is 
clear that the nature of the electrolyte exerts only minor effects on the 
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monolayer characteristics. Nevertheless, these effects are real and definite. 
With the exception of the CaCls substrate (see below), the monolayer 
collapses at an area of 180 ± 5 A* per molecule. This confirms the 
observation of Doty and Schulman on acetate buffer pH 5*1, and cor- 
responds well to the area occupied by six close-packed unsaturated long 
chains at the air-water interface (i.e. 30 A* per long chain) ; triolein, 
for example, occupies 95 A* per molecule at the collapse point. Further- 
more, the limiting area at low pressure of cardiolipin is, with the exception 
of M/ioo HCl, ca, 350 A* per molcule. The latter area is appreciably 
larger than that of triolein (43 A* per oleyl chain), and is attributable 
to the existence of the strong negative charge in the monolayer which, 
as a result of mutual repulsion, produces a more expanded film. It is 
significant that on a substrate of appreciable acidity, such as M/ioo 
HCl, where this negative charge is somewhat discharged (cf, a-glyceryl 
phosphoric acid, pKJ *= 1*40), the monolayer is more condensed in the 
low-pressure region. 

The presence of a divalent cation such as calcium is seen to effect 
marked condensation of the film, the area at the collapse point being 
only 160 per A* mol. This effect is characteristic of calcium substrates 
in contact with negatively charged monolayers, such as fatty acids. 
Pangborn * noticed that it was never possible completely to replace 
the sodium of cardiolipin by cadmium ; she remarked that the cadmium 
salt of cardiolipin was always found to contain one atom of sodium 
together with one atom of cadmium. This is readily understood in terms 
of the above postulated cross-links, where a divalent cation such as 
cadmium is able to act as a bridge between two formally negatively 
charged oxygen ions, as in structure d. This divalent type of cross- 
link is to be distinguished from the monovalent sodium type in structure 
c, since the former is partially covalent in character, while the latter 
retains the whole of its electrostatic character. The tendency to assume 
this t}^ of linkage at the air-water interface may very well account for 
the observed condensation when calcium ions are present in the sub- 
strate. This condensation, with consequent loss of electrostatic charge, 
is further characterized by the increased positive surface dipole, cor- 
responding to the partial removal of a negatively charged layer in the 
surface. 

The above experiments show, therefore, that the structure of cardio- 
lipin, when spread completely at the air-water interface, is fully con- 
sistent with the structure B, it being understood that the polyglyceryl 
phosphate skeleton is lying in the interface with the unsaturated long 
chains pointing away from the aqueous phase. 

Prof. F. Haurowitz (Bloomington, Indiana, US. A.) said: It is very 
difficult to understand the formation of ten layers of unfolded denatured 
haemoglobin around the lipid droplets. The parahaematin spectrum 
cannot be considered as a proof for unfolding of the protein molecules. 
Parahaematin spectra would also be observed if haem were detached 
temporarily from the globin surface and the binding surface ol the 
globin molecule altered slightly so that the oiiginal globin-haem bond 
would not be reconstituted. 

Miss M. Pangborn (New York) said : The evidence presented by 
Dr, Doty and Schulman and by Dr. Glazer on the structure of cardio- 
lipin is most helpful. The linear structure of the polyglycerophosphoric 
ester which I suggested in 1947 represented merely the simplest way of 
accounting for the anal5d;ical composition and hydrolytic products 
found ; there was no evidence at that time legarding the position of 
the linkages. 

The report of the composition of the Cd salt which still contained Na 
probably should not be used as an argument for structural considerations. 
This finffing was quoted from my first paper, when the purification methods 
were rather inadequate. The fatty acid in cardiolipin is linoleic rather 
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than oleic, and I wonder whether the properties of the monolayer are 
affected by the second double bond. 

Prof. J. R. Marrack {London) said : It is probable that the antibody 
ir syphilitic serum will combine with cardiolipin even when the serum 
is highly diluted, although no floccules are formed. The essential point 
is the amount of cardiolipin per cm.* of surface. The concentration of 
antibody in the experiments of Dr. Doty and Dr. Schulman must be a 
small fraction of a microgram per ml. ; this may be too little to have an 
appreciable effect on the layer of cardiolipin, even if it does combine. It 
is unlikely that effects would be detected when whole serum is used, as 
the inert proteins of serum exceed the antibody in a ratio of over loo to i. 

Failure of antibodies to combine with antigens spread on a surface 
may be due to distortion of the spatial arrangement on which specific 
combination depends. 

Dr. J. Glazer {Cambridge) said : In reply to Miss Pangborn, the mono- 
layer compression curves of linoleic and oleic acids are practically identical. 
I am, of course, aware that the fatty acid content of cardiolipin is linoleic 
rather than oleic, but the absence of any monolayer information con- 
cerning glyceryl trilinoleate forces comparison with the corresponding 
trioleate. The monolayer similarity between linoleic and oleic acid suggests 
that this procedure is not unreasonable. 

Regarding the composition of the cadmium salt of cardiolipin, I agree 
that caution should be exercised. It would be of interest to know if 
more recent anal5rtical results are yet available, since it seems more than 
coincidental that the Na/Cd ratio should be unity. 

Prof. A. G. Frazer {Birmingham) said : No association can be demon- 
strated between lecithin and protein using the techniques described by 
Dr, Schulman and Dr. Matalon. There is, however, evidence of a close 
association between lecithin and protein in the blood and this association 
markedly alters the properties and behaviour of the individual com- 
ponents. This association can be demonstrated by the effect of leci- 
thinase on chylomicron stability and the separation of lipid and protein 
elements in the Nagler reaction. Lipids or proteins by themselves give 
rise to quite different characteristics in artificial emulsions. Presumably 
different types of association are being studied under these different con- 
ditions. Failure to obtain association of added lecithin with plasma 
protein might be due to the fact that lecithin is already present in natural 
plasma proteins. There is no reason to suppose that the destruction of 
this natural association by fractionating procedures should be readily 
reversible by the simple addition of lecithin. 

Dr. A. S. McFarlane {London) saia : I can confirm that lecithin does 
not combine with serum proteins. No-one disputes Prof. Frazer’s jx)int 
that lecithin is bound to proteins in natural scrum, but in attempts to 
emulsify lecithin by various methods with normal or lipid-poor sera 
Mrs. Davey and I find that the lecithin always migrates in the electro- 
phoresis cell separately from the serum proteins. This applies to egg 
and brain lecithins. 

Miss N. M. Gzeczowlcka {Lo^idon) said : Is there any evidence that 
the “ residual protein bound in lipid ” is not just surface-denatured 
protein and therefore cannot be resolubilized ? 

Dr. R. Matalon {Cambridge) said : Surface denaturation of the protein 
consists of the spontaneous unfolding of the protein, and this cannot 
Lake place under the experimental conditiono, as the spontaneous spreading 
of the protein is prevented by the high pressure which is established in 
the monolayer. 

In reply to Prof. Frazer, the presence of lecithin in serum proteins 
could be explained by the solubility mechanism which has been described 
in our paper for cholesterol and haemoglobin. 

Dr. J, H. Schulman {Cambridge) said : In reply to Prof. Frazer, by 
surface methods lecithin monolayers have been shown to be non -reactive 
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to serum proteins over the pH range 3-10, but can be readily shown to 
interact with snake venom injected into the underlying solution to form 
a lysolecithin monolayer. 

In reply to Prof. Haurowitz, the desorbed haemoglobin from the 
emulsion surface not only shows the pure haematin spectrum, but floccu- 
lates at the isoelectric point of haemoglobin. Further, the desorbed 
monodisperse protein solution shows the colour change to reddish brown 
on reduction by sodium bisulphate, on warming and on pH change to 
alkali solution.* The restabilization of the emulsion on desorption of the 
protein is readily explained by the leversible adsorption of the haemo- 
globin from a negatively charged surface on changing the pH of the 
solution to a pH above the isoelectric point of the protein. 

* Hikes, Frazer, Schulman and Stewart, Proc. Roy. Soc. A, i945» 
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Anions of the aliphatic and aromatic carboxylatcs, sulphonates, and sul- 
phates are bound by the serum albumins more markedly than by other proteins 
reported upon to date. The number of ions bound per mole of serum albumin, 
as well as the contribution of the ion to the thermal stability of aqueous solu- 
tions of serum albumin, is a function of the length of the side chain. Maximal 
effects in the case of fatty acid anions are observed with chains of six to nine 
carbon atoms. Protection against the denaturation of serum albumin by urea 
is also conferred by the family of anions mentioned. It is concluded that the 
binding of fatty acid anions at pH 7*5 to 8-o is due to electrostatic attraction 
by the positively charged guanidine and lysine residues and van der Waals' 
forces between the side chains of the added anion and the side chains of leucine, 
isoleucine, valine, and phenylalanine. 


The present paper is devoted to recent work on the binding of ions 
by proteins. It is largely restricted to the binding of fatty acid ions 
by serum albumin and, possibly with undue attention, to studies that 
have proceeded in the author’s laboratory. The first of these restric- 
tions is deliberately imposed by a desire not to wander too far from the 
general subject of the Discussion and also by the rather curious speci- 
ficity of the phenomenon itself to which we shall presently return. 

But first let us address to ourselves a very pertinent question : 
what experimental findings necessitate the conclusion that ions are 
bound by proteins } Some of the evidence comes from ultrafiltration ® 
and dialysis-equilibrium studies, effects on absorption spectra,®*’ 

^ Boyer, Ballou and Luck, J. Biol. Chem., 1947, 407 - 

* Greenberg and Gunther, ibid., 1929-30, 85, 491. 

* Klotz, Walker and Pivan, /. Amer. Chem. Soc., 1946, 68, i486. 

* Teresi and Luck, J. Biol. Chem., 1948, 174, 653 ; 1949, 177, 383. 

* Klotz, Triwush and Walker, J. Amer. Chem. Soc., 1948, 70, 2935. 

* Klotz, ibid., 1946, 68, 2299. 

’ Irvine and Irvine, Fed. Proc., 1949, 8, 209. 
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and binding studies on dyes,®» on indicators, and on synthetic 
detergents.^®~^® In addition, Kendall has described a serum albumin 
which contained 2 % fatty acid — somewhat more than the crystallized 
albumins prepared by the ethanol procedure. Macheboeuf^s studies 
on protein-fatty acid complexes are well known and add to the body of 
direct evidence. 

Equally convincing evidence consists in part of an observation by 
Scatchard and Black that serum albumin solutions, rendered iso- 
ionic by exhaustive dialysis against water, undergo an increase in pH 
of as much as 1*65 pH units by addition of various neutral inorganic 
salts. This is suggestive of anion binding and of a considerable change 
in the ionic properties of the molecule. Studies recently reported by 
Longsworth and Jacobsen and by Velick likewise give evidence of 
protein-anion combinations, sometimes of a clearly competitive char- 
acter. The electrophoretic mobility of serum albumin, determined 
after equilibration with sodium salts of the lower fatty acids, increases 
with increase in chain length of the added salt.*® This is strongly sug- 
gestive of an anion-albumin association. The results, however, do not 
permit of an indubitable conclusion since phosphate which also in- 
creases the net negative charge of serum albumin is found by Teresi,*® 
using another method, to bind with serum albumin to a degree less 
than would be predicted from the electrophoretic findings. Some years 
ago we observed by means of a so-called cloud-point technique that 
the thermal stability of serum albumin in aqueous solution was much 
increased by fatty acid anions,^* ** the effect increasing with 
increase of chain length. I doubt that I would be inclined to cite 
this as conclusive evidence of fatty acid binding were it not that this 
method of study shows the same effects of chain length and side-chain 
polar groups as ultra-filtration,^ and stabilization of serum albumin 
against urea denaturation as studied by viscosimetry.®®* Further 
indirect evidence that points to the same conclusion is found in many 
current studies akin to those of Davis and Dubos in which it was 
observed that the salutary effects of serum albumin on the growth of 

• Chapman, Greenberg and Schmidt, J. Biol. Chem., 1927, 72, 707. 

* Rawlins and Schmidt, ibid,, 1929, 82, 709 ; 1930, 88, 271. 

Stem, J. Physic. Chem., 1930, 34, 973, 980. 

de Haan, J. Physiol., 1922, 56, 444. 

Grollman, J. Biol. Chem., 1925. 64, 141. 

Marshall and Vickers, Bull. Johns Hopkins Hosp., 1938, 34, 1. 

Smith and Smith, J. Biol. Chem., 1938, 124, 107. 

Lundgren, Elam and O'Cxjnnell, ibid., 1943. i 49 » 183. 

Lundgren and O'Connell, Ind. Eng. Chem., 1944, 36, 370. 

Putnam and Neurath, J. Amer. Chem. Soc., I944» 66, 692, 1992. 

Neurath and Putnam, J. Biol. Chem., i945» *60, 397. 

Lundgren, J. Textile Res., i945» *5» 335- 

Kendall, J. Biol. Chem., 1941 » * 3 ®* 97- 

Macheboeuf and Tayeau, Bull. Soc. Chem. Biol., 1941, 23, 49. 

•• E.g. Scatchard and Black, J. Physic. Chem., I949» 53* 8®- 

** Longsworth and Jacobsen, ibid., 1949, 53, 126. 

** Velick, ibid., 1949, 53, 135. 

•“Ballou, Boyer and Luck, J. Biol. Chem., I945* * 59 * m* 

•® Teresi (unpublished observation). 

•’ Ballou, Boyer, Luck and Lum, J. Clin. Invest., 1944, *3* 454* 

•® Ballou, Boyer, Luck and Lum, J. Biol. Chem., 1944, 153, 589. 

•• Boyer, Lum, Ballou, Luck and Rice, ibid., 1946, 162, 18 1. 

Boyer, Ballou and Luck, ibid., 1946, 162, 199. 

Duggan and Luck, ibid., 1948, 172, 205. 

Davis and Dubos, J. Expt. Med., 1947, 86, 215. 
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the tubercle bacillus in vitro were due to the albumin fixation of oleic 
acid (and perhaps other unsaturated acids), present as a contaminant 
in the nutrient medium. Related, no doubt, is the protective effett 
of serum albumin against haemolysis in vitro by various fatty acids. 
Our own studies ^ of this phenomenon, restricted to sodium caprylate, 
were pursued with the hope that the quantitative findings would agree 
with other methods and would permit the application of this simple 
and rapid technique to other proteins, other fatty acids, and other 
ions. However, the protective action of caprylate was greater than 
that which would have been predicted from the “ combined caprylate ’* 
content of the medium, independently determined by ultra-filtration. 

Many observations * 8 , 24, ss-sa have been made in electrophoretic 
studies of effects, sometimes specific, of buffer anions on the mobility 
and iso-electric or iso-ionic point of a protein. Although in many of 
the cases reported a protein-anion interaction is in evidence the observa- 
tions are not readily interpreted ; the size and valency of the anion, 
the ionic strength and pH of the solution, the nature of the protein 
component, competition between the various ionic species present, and 
simultaneous proton binding by the COO~ groups of the protein are 
recognized as important variables. 

Of the methods mentioned for studying fatty acid binding, the ultra- 
filtration and dialysis-equilibrium procedures are among the most 
satisfactory. Boyer, ^ formerly in our laboratory, has used the first 
of these to considerable advantage in studying the binding of butyrate, 
caproate, caprylate, cap rate, and acetyl tryptophan. Noda extended 
its use to mandelate. Results obtained by this method are amenable 
to quantitative interpretation since a simple mass action expression 
is found to be applicable. Higher concentrations of protein and ion 
may be employed than in the usual type of dialysis-equilibrium study : 
this, in turn, sometimes permits the use of analytical methods which 
are insufficiently sensitive for application to the low concentrations 
used in dialysis-equilibrium investigations. Specifically, we are not 
yet able to carry out binding studies with unlabelled aliphatic anions by 
the latter method owing to their lack of absorption in the visible or 
ultraviolet, but we are able to do so by simple acid-base titration with 
the higher protein concentrations characteristic of ultra-filtration studies. 
I suppose it may also be argued that the protein concentrations used 
in the latter more nearly approach serum protein values and that results 
obtained may therefore be more significant in connection with the 
transport function now commonly assigned to serum albumin.*® 

The dialysis-equilibrium method was introduced to this field of 
investigation quite some years ago. v. Muralt ^ developed a mathe- 
matical treatment based upon the law of mass action, applicable to 
the binding of hydrogen ions and clearly capable of extension to the 
multiple binding of other ions where a series of association constants 
is involved. This extension was effected and the treatment somewhat 

^ Moyer, Trans. Faraday Soc„ 1940, 36, 248. 

Moyer and Moyer. /. Biol. Chem,, 1940, 13a, 373. 

** Soolme and Harris, J. Res. Nat. Bur. Stand., 1939, 23, 299. 

** Davis and Cohn, J. Amer. Chem. Soc., 1939, 61, 2092. 

Longsworth, Ann. N.Y. Acad. Sci., 1941, 41, 267. 

•• Alberty, J. Physic. Chem., 1949, 53, 114. 

Noda, unpublished observations, see Luck, ibid., 1947, 51 » 229. 

Davis. Amer. Scientist, 1946, 34, 61 1. 

v. Muralt, J. Amer. Chem. Soc., 1930, 52, 3518. 
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simplified by Klotz * and used in dialysis-equilibrium studies on pro- 
teins by various investigators. The results obtained lend themselves 
readily to conventional thermodynamic treatment despite the present 
inadequacy of all attempts to describe adequately the binding centres 
and to define precisely the character of the bonds that are formed. 
The equations developed by Klotz permit an evaluation of the role 
of statistical and electrostatic factors in binding, and the determin- 
ation in most cases of the number of ions bound per mole of protein and 
the bond energies. Some of Klotz’s most interesting findings are 
derived from the binding of methyl orange and azosulphathiazole, 
but it seems probable that some of his conclusions are applicable also 
to fatty acid binding. However, it appears that van der Waals* 
forces play a much more important role with fatty acids than with azo 
compounds — a point to which we shall presently return. 

It may now be of interest to inquire whether the ions bound by the 
serum albumins, at least, have any characteristic and distinguishing 
qualities. If we restrict the problem to systems in solution and exclude 
ion-albumin complexes ot very low solubility in water, such as some 
of the metallic salts, one or two generalizations appear to be inescap- 
able. First of all it is increasingly apparent that the serum albumins 
have a singularly conspicuous capacity to bind non-polar anions. 
The aliphatic and aromatic carboxylates, sulphonates, and sulphates 
are strongly bound if the side chain is sufficiently long and is virtually 
free of polar groups. The introduction of hydroxy groups or amino 
groups reduces the binding. Mandelate is bound slightly as compared 
with its homologue, phenylacetate* a-Amino acids are bound to a 
negligible extent, if at all, but the acetylated amino acids such as 
acetyltryptophan are quite appreciably bound and may, for example, 
displace methyl orange,® Binding is also in evidence in the case of a 
number of organic ions which lack the marked non-polar properties 
of the other ions mentioned : e.g. 2 : 4-dichlorophenolate, 2 : 4-dinitro- 
phenolate, the three mononitrophenolates, picrate, and trichloroacetate. 
The binding of organic anions by serum albumin takes place over a 
wide pH range, although most of our studies have been carried out 
at pH 7' 5 to 8*2. In this region the positive charges are localized in 
the guanidine and lysine side chains of the protein molecule. The 
binding of inorganic ions, to which increasing attention is now being 
given,22 is deliberately omitted from this paper. 

If it be assumed for the moment that the binding of organic anions 
is partly electrostatic it would seem reasonable to expect that organic 
cations, of side chain structure similar to the organic anions, would 
also be bound : the side-chain free carboxyl groups of aspartic and 
glutamic acids are fully ionized at pH 7*8 and the number of such groups 
is about as great as the number of basic groups — 130 to 135 per mole 
of serum albumin ; the low dipole moment of the protein suggests, 
furthermore, that the positively and negatively charged groups are 
fairly evenly distributed over the surface of the molecule. We have 
completed, however, an extensive study ^ of many aliphatic mono- 
amines, from C4 to Ci2» and of several di-amines without observing any 
comparable phenomenon : viscosity studies failed to reveal any 
appreciable stabilization against urea denaturation, and cloud-point 
studies revealed a heightened susceptibility to heat denaturation. We 

Klotz, Arch, Biochem,, 1946, 9, 109. 

^ Luck and Welsh (unpublished observations). 
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have not employed with amines the quantitative dialysis-equilibrium 
techniques and shall have to postpone such studies until we have 
several radioactive amines or suitable microanalytical methods for the 
unlabelled substances. 

The next question I would like to consider is whether the ions 
bound by serum albumin, especially the organic non-polar anions, are 
bound by other proteins to a comparable degree. Our own findings 
indicate that bovine serum albumin binds about 25 ions per mole in 
the case of the more strongly associated anions,^ crystalline j 3 -lacto- 
globulin ** about 2, and crystalline j8-amylase none. Klotz ^ divides 
the proteins he has studied into three groups on the basis of their 
relative binding capacities : serum albumin and )8-lactoglobulin in the 
first, ovalbumin and conalbumin in the second, and pepsin, trypsin, 
chymotrypsin, ribonuclease, and insulin in the third (no binding). 
Although serum albumin and jS-lactoglobulin are grouped together 
Klotz recognizes that the latter is much inferior to serum albumin in 
binding capacity. Davis and Dubos report that the protective action 
of serum albumin against oleic acid, as observed in cultivation of the 
tubercle bacillus, was evidenced by j 3 -lactoglobulin to a slight degree 
and was not displayed by other proteins that were tried. A study of 
the spectral shifts due to complex formation between proteins and 
azo dyes has been carried out by Klotz.® By displacement analysis 
the competitive effects of a number of simple anions have been in- 
vestigated. Germane to our present point is the observation that 
spectral shifts were not observed when serum albumin was replaced 
by gelatin or y-globulin : evidently binding did not occur. Our own 
cloud-point studies cause us to exclude serum y-globulin, insulin, 
diphtheria toxin, diphtheria antitoxin, and papain though we recognize 
that the evidence by this method is suggestive and not conclusive. 
It appears, then, that we are concerned with a phenomenon which is 
peculiar to the serum albumins. 

In seeking an explanation for this specificity it is necessary next to 
inquire into the mechanism of binding. For example, it would be 
pertinent to ask ourselves whether electrostatic forces, expressed by 
a straightforward salt linkage between the anions and positively charged 
groups on the protein, play an essential role. Part of the answer is 
to be found in the behaviour of certain amides and esters. Here again 
we have only the indirect evidence contributed by thermal stability 
studies. Ethyl butyrate, butyramide, caproamide, monocaproin, mono- 
caprylin, monocaprin, and triacetin all have quite small stabilizing 
effects with solutions of crystalline human serum albumin ; none has 
an effect as great as even butyrate and most of them are about as 
effective as chloride.*® The results with the monoglycerides are not 
unequivocal because of the polarity of the glycerol residue : we would 
now expect such compounds to be less effective for this reason alone. 
With caproamide, however, no such property is in evidence and a simple 
comparison with caproate obliges us to conclude that the substance 
must be ionic if it is to be bound.* Inferentially, we next con- 
clude that binding with positively charged groups is essentially what 
happens. 

Klotz» San Francisco Meeting, Amer. Chem. Soc,, March 29, J949. 

* This may not be rigorously true since very small amounts of aliphatic 
alcohols (C5 to Cio), benzene, toluene, chloroform, and ethylene dichloride when 
used to facilitate the crystallization of serum albumin have been found by 
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The direct evidence of participation of basic groups is found in 
studies on acetylated serum albumin and formaldehyde-treated protein. 
Teresi " finds that elimination of the free c-amino groups of lysine by 
this treatment reduces the number of ions bound per mole of protein 
in the case of w-nitrophenolate and p-nitrophenolate. The three 
i7-nitrophenolates (mono-, di-, and tri-nitro) suffered no reduction in 
binding by treatment of the protein with dormaldehyde or acetylation. 
This suggests that the binding of these last-mentioned substances may 
be a function of other groups, e.g., guanidine residues. To test the pre- 
ceding hypothesis, Teresi is now investigating the behaviour of guanidin- 
ated serum albumin which, if the hypotheses be true, should bind in- 
creased quantities of the ions mentioned. Klotz has also found ^ 
that the acetylation of serum albumin greatly reduces its capacity to 
bind methyl orange. 

The role of van der Waals’ forces into which we might next inquire 
is important. That they play a conspicuous part is clearly evident 
from the work of Boyer ^ on the effect of chain length on the binding 
of aliphatic carboxylates and from the indirect evidence afforded by 
cloud-point studies : increase of chain length in the homologous series 
(up to Cjq) of aliphatic carboxylates increases the capacity of these 
substances to stabilize solutions of serum albumin against thermal or 
urea denaturation. The role of van der Waals’ forces is lessened as 
we turn to the azo dyes or to ions with side-chain polar groups. With 
the alkyl sulphates and serum albumin the role of van dcr Waals’ forces 
is not clearly established, as witness the confusing results of Karush 
and Sonenberg with octyl, decyl and dodecyl sulphates. 

It seems improbable that quantitative evaluations ® of the relative 
contributions of electrostatic forces and van der Waals* forces are of 
general significance since the values are determined by the nature of 
the ion under consideration. The contribution of hydrogen bonding 
as between side-chain groups and carboxyl, hydroxy, and imino groups 
in the albumin molecule has not been determined. Indeed, to con- 
sider the nature of the binding forces satisfactorily and to determine, 
for stated anions, the contribution of each (electrostatic, van der Waals’, 
and hydrogen bonds) we would have to know much about the topography 
of the protein surface that is still in the unknown : the distribution of 
the quaternary nitrogens, and their distance from such influential 
neighbours as the free carboxyls of glutamic and aspartic acid, the 
hydroxyl groups of serine, threonine, and tyrosine, and the non-polar 
side chains of such amino acids as leucine, i 5 (?leucine, valine, and phenyl- 
alanine. 

The binding energies for various ions in combination with serum 
albumin are expressed in Table I. The maximum possible number of 
ions bound per mole of protein are also presented as n values ^ where 
n is given by the equation = w/A. AF^ is calculated from the first 
equilibrium constant {k^ in the series of reactions P + A — PA ; 
PA+A = PA2;. . PA,_i + A = PA^ ; PA„_i+A = PA„. 

Cohn et al.^^ to be associated with the crystalline product. Whether or not 
these substances are combined with the albumin in solution is undetermined. 
Bilirubin is also bound, though it appears that the binding capacity of serum 
a-globulin is appreciably greater than albumin.*’ 

* Cohn, Hughes and Weare, J. Amer. Chem. Soc., i947» 69 f I 753 * 

Teresi, Portland Meeting, Amer. Chem. Soc., September, 1948. 

^icholas, J. Amer. Chem. Soc., 1949, 71, 1230, 

Karush and Sonenberg, ibid., 1949, 71, 1369. 
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From the nitrophenolate series it would appear that increase in ion- 
ization increases, as might be expected, the binding energy ; this is 
further increased by the introduction of a second or third nitro group. 
The behaviour of ^-nitrophenolate is unlike that of the w- and />-isomers 
both in respect to n and — AF^. 

At this point it may be worth asking ourselves whether, in the 
serum albumin-anion complex, the protein is present in the native 
form or the open extended form characteristic of the denatured mole- 
cule. Much seems to depend upon the nature of the anion. For 
example with caprylate, as used in many of our studies, there seems 
to be no doubt that the association complex is built up from native serum 
albumin in the closed configuration. So also with dodecyl sulphate 
in low concentrations. This is proven by viscosity studies, even in 
the presence of high concentrations of urea and, for caprylate also, 
by rate of digestion with papain. With certain other ions, however, 


TABLE I. — Binding Energies with Serum Albumin 


Anion 

A“Fonn 
per cent. 

pH 

Bond Energies (— AFi) 
Calories per mole 

n 

Reference 

Chloride 



1,800 


43 

Sulphanilamide . 

— 

— 

3.740 

— 

43 

Salicylate . 

— 

— 

4,780 

— 

43 

i)-Nitrophenolate . 

75 

7*5 

5.565 

— 

4 


91 

8*2 

5.455 

— 

4 

fw-Nitrophenolate 

16 

7*5 

4.965 

24 

4 


43 

8-2 

5.615 

22 

4 

/^-Nitrophenolate 

73 

7*5 

4.865 

25 

4 


i 91 

8*2 

5.465 

25 

4 

2 : 4-Dinitrophenolate . 

100 

— 

6,490 

— 

4 

Picrate 

100 

— 

6,590 

— 

4 

Phenyl acetate 

— 

— 

4.015 

25 

4 

Phenoxyacetate . 

— 

— 

4.865 

7 

4 

Cinnamate . 

— 

— 

5.465 

25 

4 

Methyl orange 

100 

— 

5.960 

25 

43 

Dodecyl sulphate 

100 


.^10,000 


43 


notably mandelate, no protection is conferred against urea denatura- 
tion : the relative viscosity of the solution is no less than in the absence 
of mandelate. The same seems to be true of benzoate, benzene sulphon- 
ate, phenylacetate, and acetyltryptophan. In these cases we are 
drawn to the conclusion that while, under ordinary circumstances, the 
substances mentioned may combine w'ith albumin in its native state, 
under conditions that favour protein denaturation, partial opening out 
of the molecule proceeds : combination with the anion next takes place 
to give an anion-protein complex of greater solubility than the denatured 
protein alone. True it is that these observations were made upon 
albumin solutions of about 2% : it is not proven that the same con- 
clusions would be applicable to the 0-2% solutions used in Teresi’s 
quantitative dialysis-equilibrium studies. 

In conclusion I think it desirable to speculate upon the specificity 
of serum albumin in so far as the binding of anions is concerned. Serum 
albuinin is a molecule of low dipole moment with over 130 groups 
(guanidine and lysine) that carry a positive charge at pH 7*5 to 8-0, 
and an almost equal number of negatively charged groups arising 
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from the ionization of the free carboxyl groups of aspartic and glutamic 
acid residues. The low dipole moment of the protein suggests that 
these ionized groups are uniformly distributed over the surface. From 
the reported dimensions of the serum albumin molecule, 38 A X 150 A, 
assuming it to be a prolate ellipsoid, Teresi has calculated the average 
distances that separate, centre to centre, positive and negative charges. 
Whether the charges are hexagonally distributed over the surface or 
at the corners of squares is of comparatively little consequence. The 
value works out to about 7*1 A in either event and would be appreci- 
ably^ greater if iiaH of the charges were buried beneath the surface, 
as may indeed be the case. In so far as this distance is maintained 
between neighbouring oppositely charged groups the probability of 
interaction is slight. 

It seems not improbable, however, by virtue of the number of ionized 
groups involved that some, if not many of these, would be contiguous 
to the non-polar side-chains of leucine, r\s‘d?leucine, valine, and phenyl- 
alanine. Since van der Waals’ forces play an important role in the 
binding of fatty acids we propose the hypothesis that the binding 
capacity of serum albugiin is a dual function of the large number of 
positively charged groups and the close juxtaposition of some of these 
to non-polar side chains of certain amino acids, especially leucine, iso- 
leucine, valine, and phenylalanine. In using this hypothesis as a basis 
for predicting what other proteins would be of high binding capacity 
we consider that many positively charged groups would be essential ; 
so also would it appear important that the proteins be of low dipole 
moment, otherwise some of the groups might be unavailable because 
of an inappropriate distribution over the surface of the molecule. 
Conceivably, proteins with an appreciable excess of positively charged 
groups might be of high anion-binding capacity provided that the 
groups concerned were well distributed over the surface of the mole- 
cule and the number of non-polar amino acid residues were not too 
low (as in the protamines). 

Klotz has recently proposed the theory that the binding capacity 
of a protein is a direct function of the number of positively charged 
groups and an inverse function of the number of carboxyl and hydroxy 
groups. Since hydrogen bonding between the carboxyl and hydroxy 
groups is involved the theory tacitly infers that the aspartic, glutamic, 
tyrosine, serine, and threonine residues are so oriented as to permit 
this hydrogen bonding to take place. In the absence of any evidence 
that such is the case, at least on the scale implicit in the theory, we 
are unable to regard it as an acceptable explanation of the facts. The 
theory also minimizes the role of van der Waals' forces. On the basis 
of binding studies with methyl orange at two different temperatures, 
Klotz has concluded on thermodynamic grounds that van der Waals’ 
forces are of minor significance. In our experience methyl orange 
is atypical and conclusions drawn therefrom are not applicable to the 
binding of fatty acids, in so far as determination of the role of van der 
Waals’ forces is concerned. 

The author is most grateful to Dr. J. D. Teresi for permission to 
report upon his current investigations and for his generous assistance 
in preparation of this manuscript. Prof. I. M. Klotz generously made 
available an advance copy of his latest paper on the binding of organic 
ions by proteins. We are also indebted to Dr. A. K. Balls for a sample 
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of crystalline jS-amylase, to Dr, W. G. Gordon for a sample of crystalline 
j 3 -lactoglobulin, and to the Armour Laboratories for the crystalline 
bovine serum albumin used in our studies. The Rockefeller Foundation 
through a grant-in-aid has made possible these investigations. 
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Stanford University, 

Stanford, California, 


THE ADSORPTION OF PARAFFIN -CHAIN SALTS 
TO PROTEINS 

PART V. THE INFLUENCE OF SIZE OF ION ON THE BINDING 
OF AMPHIPATHIG ANIONS AND CATIONS TO GELATIN 


By Kenneth G. A. Pankhurst 
Received igth May, 1949 

A study has been made of the primary adsorption of a variety of amphi- 
pathic ions to gelatin, and it has been shown that ionic attraction between the 
charged side chains of the protein and the amphipathic ions, irrespective of 
the size of the ion, depends on the net charge on the protein and the charge on 
the amphipathic ions. Adsorption of amphipathic ions can also occur at some 
or all of the keto-imide groups of the main chain of the protein molecule by 
an ion-dipole association. The presence of inorganic electroljrte encourages 
such adsorption whereas hydrogen ions prevent it. Only when the heads of 
the amphipathic ions are sufficiently small (ca. 20-25 A* cross-sectional area) 
are they able to penetrate to all the keto-imide groups. Ions with heads larger 
than ca, 45 A* in cross-sectional area are too large to be adsorbed at any of the 
backbone sites. Ions of intermediate size are able to penetrate only to a limited 
number of these sites. 


Previous work has shown that adsorption of dodecyl sodium sulphate 
(DSS) to gelatin takes place in two consecutive stages.^ First, DSS 
anions are adsorbed with their polar groups towards the gelatin until 
a primary monolayer is built up and secondly, when this is complete, 
a further layer is formed with the polar groups of the detergent anions 
orientated outwards. Thus, on the addition of DSS to a gelatin sol, 
adsorption complexes are formed which become increasingly hydro- 
phobic as the detergent /protein ratio increases and then, having reached 
a maximum, become more hydrophilic as the secondary layer is formed. 
In certain circumstances, e.g. at low pH values or in the isoelectric 
zone in the presence of inorganic salt, the adsorption complexes become 
sufficiently hydrophobic to be thrown out of solution as oil -soluble 
coacervates. The number of DSS anions per unit of gelatin required 
for the formation of a complete primary monolayer has been shown to 
be dependent on pH and the presence of inorganic electrolyte, and 
adsorption at two distinct types of site in the protein molecule have 
been suggested to explain the results.® The cationic side chains alone 

* Pankhurst and Smith, Trans. Faraday Soc., 1944, 40 * 5^5- ]oly» Bull, 
Soc. Chim. hiol., 1948, 30, 398. 

* Pankhurst and Smith, Trans. Faraday Soc., 1945, 41, 630. 
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are responsible for the coulombic binding of DSS anions at low pH 
values in the absence of inorganic salt, and a stoichiometric equivalence 
has been demonstrated between the number of these groups and the 
number of DSS anions bound in the primary layer. This number 
decreases as the protein is deaminated.® Indeed, the completion of 
the primary layer can be used to determine the number of cationic 
side chains in the protein molecule ^ in the same way as dye anions 
have been used.® Increasing the pH and the addition of inorganic 
electrolyte permits the fixation of many more DSS anions in the 
primary layer, indicating that fresh sites in the protein molecule become 
available for the primary adsorption of DSS anions. At pH values 
at and above the isoelectric point, in the presence of a high concentration 
of inorganic salt (e.g. M NaCl), primary adsorption of DSS anions is 
maximal, the number bound being practically equivalent to the total 
number of amino acid residues in the protein. The most likely sites 
for such adsorption to occur are the keto-imide groups in the protein 
backbone, adsorption being by an ion-dipole mechanism. If this is 
so, the degree to which these groups are capable of taking part in such 
a process is dependent Qn pH and inorganic salt, hydrogen ions reducing 
and inorganic salt increasing their polarity. In the present work, 
a study has been made of the primary adsorption of a number of different 
anionic and cationic paraffin-chain salts to test this hypothesis. 

Experimental 

Materials. — The primary alkyl sulphates were prepared from care- 
fully fractionated alcohols (b.p. range of less than 5° C) by treatment 
with concentrated sulphuric acid below 40'’ C added over a period of an 
hour. The reaction mixtures were neutralized, dried, extracted with 
dry methyl alcohol and the alkyl sulphates crystallized not less than three 
times from methyl alcohol. Sodium contents were all within i % of 
theory. 

A secondary isomer of DSS (sodium dodccyl 5-sulphate) was pre- 
pared by sulphating the corresponding alcohol, prepared from re-distilled 
butyl bromide and w-caprylaldehyde via the Grignard leaction, with 
chlorsulphonic acid. This was crystallized three times from methyl 
alcohol. The sodium content was found to be 8*7 % whereas 

QH, . CH . QHj* 

OSOgNa 

gives 7*98 %. Titration against standard cetyl trimethylammoniura 
bromide® gave a molecular weight of 268, for which Na = 8*6 %. 

The alkyl naphthalene sulphonate was commercial Terminal W (ex. 
I.C.I.) which contained 64 % of inorganic salt. When used, additions of 
NaCl were made to give a constant inorganic salt concentration. 

Flavianic acid (2 : 4-dinitro i-naphthol 7-sulphonic acid) (ex. B.D.H.) 
was used without further purification and gave a titration with NaOH 
equivalent to 99*3 % purity. 

Cetyl pyridinium bromide and cetyl trimethylammonium bromide 
were prepared from fractionated cetyl bromide (see Adam and Paiik- 
hurst ^). 

® Harris, Pankhurst and Smith, Trans. Faraday Soc., 1947. 43 t 506. 

® Pankhurst, in Surface Chemistry (Butterworth, London, 1949) P- 109. 

* Fraenkel-Conrat and Cooper, J, Biol. Chern,, 1944, * 54 » 238* 

® Epton, Trans. Faraday Soc., 194S. 44 f 226. 

’ Adam and Pankhurst, ibid., 1946, 42, 523. 
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Cetylamine hydrochloride was prepared from purified ethyl palmitate 
via the acid, acid chloride, amide and nitrile as described by Adam and 
Dyer.® 

Gelatin was Coignet Gold Leaf and all quantities refer to the moisture- 
free protein. 

Measurements of the size of the detergent ions were made from Fisher- 
Hirschfelder atom models kindly lent by the Wellcome Foundation. 

Insoluble Complexes. — For each pH value and inorganic salt con- 
centration, a series of mixtures was prepared, each being identical as 
regards pH, added salt and gelatin concentration (0*5 %), but with varying 
concentrations of detergent so as completely to cover the range of water 
insolubility. These were left overnight at 35° C to allow the insoluble 
complexes to separate. The supernatant liquors were then analyzed 
for nitrogen (micro-Kjeldahl) and the complex of minimum water solu- 
bility, i.e. that at which the supernatant nitrogen was minimal, deter- 
mined. It was found unnecessary to analyze for detergent ion in the 
supernatant liquor as it had been found that, except for relatively high 
concentrations of detergent (above ca. o*i M) all of the detergent reacts 
with all of the protein, the supernatant liquor being a saturated solution 
of the separated complex. This method can be used even if the detergent 
contains nitrogen since, when the primary layer is complete, both protein 
and detergent in the supernatant liquor are minimal and the required 
detergent /protein ratio is that of the two initial reactant concentrations.* 

Soluble Complexes. — ^Viscosity measurements (Ostwald viscometer) 
of a series of mixtures of detergent and constant protein in solution, 
show a pronounced fall to a minimum as the detergent /protein ratio in- 
creases and then a rise.® The ratio corresponding to minimum viscosity 
was taken as that at which the primary layer was complete, the solute 
here being least lyophilic (cf. the effect of the addition of a poor solvent 
to a lyophilic soD®). 


Results 

The main experimental results are shown in Fig. i, in which the deter- 
gent/protein ratio (mmole /g.) corresponding to the complete primary 
monolayer is plotted vertically against pH for a variety of anionic and 
cationic detergents. 

Anionic Detergents. — At pH 2, in the absence of inorganic electrolyte, 
the binding of alkyl sodium sulphates is equivalent to the total cationic 
side chains of the protein (0*87 mmole /g.^^). The addition of inorganic 
electrolyte increases the number of anions bound at this pH (e.g. M NH4NO3 
increases the fixation of DSS fourfold). 

At pH 5-5 in the presence of M NaCl, primary alkyl sulphates are 
bound to the extent of 10 (i 0*5) mmole /g., the alkyl naphthalene sul- 
phonate — 6-2 mmole /g., the secondary alkyl sulphate — 4*6 mmole/g., 
and the fiavianate not at all. The binding of the primary alkyl sulphates 
in the presence of M NaCl is constant between pH 5*5 and 10. 

Cationic Detergents. — At pH 12*5, cetyl pyridinium bromide and 
cetyl trimethylammonium bromide are adsorbed to the extent of 1*7 
and I *3 mmole/g. respectively and as the pH is reduced, adsorption 
decreases until at about pH 4 it reaches zero. A few experiments with 
cetylamine, however, showed that at pH 5*5 and ii, between 8 and 10 
mmole/g. were adsorbed. A more accurate estimate of the ratio was 
not possible with this compound owing to its low solubility. At pH 2, 
cetylamine hydrochloride forms no complexes in the absence of inorganic 
salt. 


* Adam and Dyer, /. Chem. Soc,, 1925, 72. 

• Pankhurst, Bull. Soc. Chim. biol. (in press). 

Alfrey, Bartovics and Mark, /. Amer. Chem. Soc.^ 1942, 64, 1557. 
Bowes and Kenten, Biochem. 1948, 43, 358. 
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Discussion 

It has been suggested that two types of link are involved in the 
formation of protein-detergent complexes, (a) ion-ion, ip) ion-dipole. 
It would be expected that the former type would operate according to 
the net charge on the protein, i.e. maximum binding of detergent 
anions would occur at low pH values where the protein has its maximum 
positive charge, and maximum binding of detergent cations would 
occur at high pH values, the protein having its maximum negative 
charge. The experimental evidence with all the anions shows that 
at about pH 2 the number bound is equivalent to the sum of the ionized 
lysine, hydroxylysine, arginine and histidine side chains. Recent 
work by R. C. M. Smith with sulphonatcs of naphthalene also confirms 



this.^^ Studying complexes formed with the 2-monosulphonate, 1:3- 
disulphonate and 1:3; 5-trisulphonate, he found that, at low pH 
values, whereas the monosulphonate bound is equivalent to the cationic 
sites on the protein side chains, the di- and tri-sulphonates combine 
in decreasing amounts, expressed in mmole/g., in the ratio 3/2/1. 

Were ionic forces solely responsible for the adsorption of long chain 
anions, one would expect that, as the pH is raised, the number bound 
would decrease. Although no detailed study of this has been made, 
in the absence of inorganic electrolyte, it has been shown ® that at pH 
5 * 5 , in the absence of salt, soluble complexes are formed containing 
about 0*8 mmole/g,, and that if inorganic salt is added this ratio in- 
creases to ca, 10 mmole/g. (observed when NaCl is 075 M and over). 
It is thus concluded that even though raising the pH may cause a re- 
duction in the number of anions bound purely ionically, this effect is 
masked since other sites to which detergent anions are capable of being 

** Smith, Nature, 1949, 164, 447. 
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adsorbed come into operation. Furthermore, the presence of inorganic 
salt tends to enhance the availability of such other sites, even at low 
pH values. The maximum number of bound detergent anions which 
has been observed is lo (i 0*5) mmole/g. for the primary alkyl sulphate 
anions at pH 5*5 in the presence of ca. M NaCl, which is very close to 
the number of amino acid residues in the protein (107), and suggests 
that the backbone keto-imidc groups can act as sites for the adsorption 
of detergent anions, presumably by an ion-dipole mechanism. 

The results with the secondary isomer of DSS, the alkyl naphthalene 
sulphonate and flavianic acid are interesting in that, under conditions 
where the primary sulphates are maximally adsorbed (pH 5*5 in the 
presence of M NaCl), they are bound in much smaller amounts, the 
latter forming no complex at all, soluble or insoluble. 

With cationic detergents it would be expected that ionic forces 
and ion-dipole association would also be operative, the former becoming 
increasingly effective at higher pH values, and the latter at all pH 
values on the alkaline side of the isoelectric point. With cetyl pyridinium 
bromide and cetyl trimethylammonium bromide, however, at pH I2'5 
the binding is equivalent to 17 and 1*3 mmole/g. respectively and is 
independent of the presence of inorganic electrolyte. This is only 
slightly in excess of the total anionic side chains of the protein (1*24 
mmole/g.^^) and can readily be accounted for since some hydrolysis 
of the protein occurs under these conditions of pH and temperature, 
rendering available fresh ionized carboxyl groups which arc capable 
for adsorbing long chain cations. There is no evidence of the binding 
of these long chain cations to any other site in the protein molecule. 
As the pH is lowered, the number of cations bound decreases and on 
the acid side of the isoelectric point no combination takes place at all. 
With cetylamine, however, at pH ii, in the presence of M NaCl, al- 
though a very precise estimate of the number of molecules bound was 
not possible, it was evident that between 8 and 10 mmole/g. were ad- 
sorbed, indicating some adsorption at the keto-imide backbone groups, 
presumably by dipole-dipole association. 

It has therefore to be explained why some detergent anions and 
cations are capable of being adsorbed at the keto-imide groups of the 
main chains of the protein whereas others, under comparable con- 
ditions, are not. The most likely reason seems to be connected with 
the size of the amphipathic ions, particularly the cross-sectional area 
of the head group. The primary alkyl sulphates and the primary amine, 
having the smallest cross-sectional area, appear to be able to penetrate 
between the protein side chains and approach sufficiently closely to the 
keto-imide groups to enable ion-dipole association to become effective, 
whereas the flavianate anion and the cetyl pyridinium and cetyl tri- 
methylammonium cations, being the largest are incapable of penetrat- 
ing to these groups at all. The secondary sulphate and the alkyl 
naphthalene sulphonate have intermediate molecular dimensions and 
appear to be able to penetrate into about half of the keto-imide groups. 
Table I shows the dimensions of the head groups of the various detergent 
ions and an estimate of their penetrability into the backbone of the 
gelatin molecule. 

This explanation is somewhat similar to that given by Schulman and 
Armstrong^® to explain the effect of various ionic groups in haemolytic 

Schulman and Armstrong, in Surface Chemistry (Butterworth, London), 
1949, p. 275. 
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and enzymatic activity. They point out that the charge centres of 
the — NHs^ and — OSOs^ groups can approach a dipole, such as the 
— ■ OH of cholesterol, more closely than those of — NMca^ and — SOs"” 
respectively. With proteins, however, the steric effect of the side chains 
on penetration to the backbone is probably even more important. Thus, 
the primary sulphate is able to penetrate more completely than the more 
bulky secondary sulphate. 

It is concluded that two types of mechanism are responsible for the 
primary adsorption of amphipathic anions and cations to gelatin. 
First, a purely coulombic ion-ion attraction, the extent of which de- 
pends on the net charge on the protein and the number of charged groups 
on the amphipathic ion and is independent of the size of the ion. 
Secondly, an ion-dipole association between the amphipathic ions 
and the keto-imide groups in the backbone of the protein. This 
mechanism is inhibited by hydrogen ions, encouraged by inorganic 
electrolyte and is susceptible to the size and shape of the amphipathic 
ion. 


My thanks arc due to the Director and Council of the British Leather 
Manufacturers’ Research Association for permission to publish these 
results and also to Mr. K. G. E. Wyatt for assistance with the experi- 
mental work. 

The British Leather Manufacturers^ Research Association, 

London, S,E.i, 


GENERAL DISCUSSION* 

Prof. F. Haurowitz {Bloomington, Indiana, U.S.A.) said: The re- 
action between proteins and cationic detergents takes place slowly. When 
we mixed 8 mg, horse haemoglobin with 2 mg. desogen (tolyldodecyl- 
trimcthylammonium chloride) in 2 ml. of 0*05 M borate-phosphate-citrate 
buffer (Stenhagen-Teorell), we obtained after 30 min. 7*5 mg. precipitate 
containing 27 desogen molecules per haemoglobin molecule. After 24 hr. 
a second precipitate was fonned ; its amount was 0*63 mg. and the ratio 
desogen /haemoglobin was 324/1. The slow secondary reaction consists, 
apparently, of the cry.stallization of the detergent on the surface of the 
primary haemoglobin-detergent complex. 

Dr. K. G. A. Pankhurst {London) said : Apropos Dr. Haurowitz’s 
remarks, we have also found from viscosity studies ^ that the protein- 
detergent reaction, under conditions which we believe to involve the 
backbone — NH — CO — groups, takes place slowly, although coulombic 
binding is very rapid. This has also been observed by Joly * in his flow 
birefringence work. It is not to be expected that the ease of penetration 
to the — NH — CO — groups will be the same for all proteins since this 
will depend largely on the sequence of amino acid residues in the main 
chain and other structural features, which may account for some of the 
specificity to which Dr. Edsall has referred. In gelatin, the apparent 
inaccessibility of the — NH — CO — groups to large ions may well be due 
to the high proportion of proline and hydroxy-proline residues, causing 
frequent twists in the main chain.® 

Dr. J. H. Schulman {Cambridge) said: Pankhurst *s table giving the 

♦ On two preceding papers. 

^ Pankhurst, Bull Soc. Chtm. bioL, 1949, 31, 703. 

® Joly, ibtd ,, 1948, 30, 398. 

’ AHtbury, ,/. Int. Sor. Leath. Tr. Chem., 1040, 24, 60. 
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dimensions of the head group and hydrocarbon chains do not agree with 
the results obtained from surface chemical techniques. Thus the — SO 4“ 
polar group can be readily squeezed to 20 A® as seen from F — A curves 
of Ca2 sulphate monolayers. The — ^N+(CHs)8 polar group can be con- 
tracted to 31 A* as seen from F — A plots of C20 N(CH3)8HC1 monolayers 
and the long-chain pyridium hydrochloride packs, with an area per molecule 
of possibly 40 A®. 

It is possible to consider an explanation for Pankhurst’s results on 
the ease of hydration of these polar groups and also the hydrophobic- 
hydrophilic balance change of the protein molecule on adsorption of the 
compounds. This balance ivS changing on adsorption of the long-chain 
compounds and will act as a barrier to the approach of further molecules. 
This can be demonstrated especially with long-chain trimethylammonium 
salt compounds, which can adsorb on to the ionized carboxyl groups and 
make the protein molecule hydrophobic. This hydrophobic barrier would 
prevent the approach of further trimethylammonium ions to the protein 
molecule. 

Dr. K. G. A. Pankhurst {London) said : I do not think that the areas 
given by Dr. Schulman, derived from monolayer measurements, are applic- 
able in the case under discussion since considerable overlap and inter- 
locking of the head groups may take place as the film is compressed. 
The areas quoted in my paper were derived from measurements of scale 
atom models and represent the projected area of single molecules. This 
is not ideal since no account is taken of hydration. It is, I think, sig- 
nificant that whether one takes Schulman ’s figures or those which I have 
given, the same conclusion is drawn, that under conditions where one 
would expect adsorption to take place at the backbone — NH — CO — 
groups, the larger the ion, the less is its penetrability. 

The suggestion that highly hydrated ions such as — N+ — Me 3 act a.s 
a hydrophobic barrier when already adsorbed at the negatively charged 
side-chain sites does not, 1 think, explain all the facts since under iso- 
electric conditions where there is no evidence for coulombic binding of 
either anions or cations, the larger ions are still incapable of penetrating 
to the backbone — NH — CO — groups even when inorganic salt is present, 
i.e. when smaller ions such as — SO'4 and — NH3+ are strongly adsorbed. 

Dr. R. Matalon {Cambridge) said : How do the number of molecules 
of homologous alkyl sulphates taken up by the ]>rotein (gelatin) compare, 
when these detergents are used at the same concentration and below the 
micellar state ? In other words is it possible to establish for this present 
study of protein-detergent association an effect similar to the Traube 
effect ? Then it might help to explain the nature of the protein-detergent 
binding in the bulk state. 

Dr. K. G. A. Pankhurst {London) said : In answer to Dr. Matalon, 
although increasing the length of hydrocarbon chain from Cg to C^g has 
no effect on the primary binding capacity of long chain sulphates, the 
detergent /protein ratio corresponding to the beginning of complex separa- 
tion does decrease by a factor of about 1-5 to 2 per CH^ group. 

Prof. E. K. Rideal {London) said : I find the problem of interaction 
of detergents with native proteins much more difficult to understand 
than the reaction with fibrous proteins. It seems clear that there are 
three distinct steps in this interaction, the first which occurs with extremely 
dilute solutions of detergents seems to be highly specific for the protein 
and it appears that on these proteins there are a few. say 4 or 5. readily 
accessible groups. If the chain is not too long this is the only reaction 
involved. With longer chains we get the second stage, namely, a reaction 
with all the available amino groups of the protein, and finally, with still 
longer chains and higher concentrations, we get the solubilizing adsorption 
"which may be on the — CO — NH groups, but equally well may be the 
solution of the chains in the now hydrophobic protein surface, requiring 
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the —SO 8 groups in the surrounding medium. It seems likely that 
stage 2 or 3 is associated with denaturation or unfolding. 

Dr. K. G. A. Pankhurst {London) said : I do not think there is much 
evidence to suggest that the — NH — CO — groups are centres solely for 
solubilizing adsorption as suggested by Prof. Rideal. Rather do I 
think that the evidence points to their being centres for primary ad- 
sorption (with the lipophilic tails of the detergent ions outwards) in 
the same general fashion as the charged side chains, except that they 
have a diSerent dependence on pH and inorganic salt. I think that 
solubilization is brought about entirely by the formation of a second 
layer, attached to the first by van der Waals' forces, with the ionic groups 
outermost. 

Prof, J. Murray Luck {Stanford, California) said : The work I have 
reported is difficult to compare with the other studies reported this 
afternoon. The fatty acids we used contained less than ten carbon 
atoms. They were monodisperse and not micellar and it is certain that 
the binding of a micelle is different from the binding of single ions. With 
few exceptions we have restricted our studies to well-defined proteins. 
Gelatin we have avoided, partly because it is not well characterized, 
but also because it is quite unsuitable for the viscosity, thermal stability, 
and dialysis-equilibrium studies in which we were interested. 

As far as the binding studies are concerned, the method used rests upon 
the establishment of a thermodynamic equilibrium between the reactants. 
The method does not permit the complete titration of positive groups and/or 
other binding centres for which it appears to be necessary to permit the 
formation of a precipitate and the development of a polyphase system. 
I am not prepared to say which method is the more meaningful in so far 
as biological implications are concerned : this is still a matter of mere 
opinion. 

It is also necessary to emphasize the specificity of the phenomenon. 
The serum albumins alone bind the fatty acid anions ; at least the binding 
capacity of other proteins is virtually negligible under the conditions of 
our experiments. This is the experience of workers in other laboratories 
as well. 

As for dodecyl sulphate, it is well to recognize that this substance plays 
a dual role. In very low concentrations it is actually a good stabilizer 
of serum albumin, protecting it even more effectively than caprylate 
against urea denaturation. The viscosity-concentration curve rises 
sharply, however, from this point on, and the denaturating property 
of the detergent soon comes into evidence. Dr. Duggan found the critical 
point of inflection, where the stabilizing property was maximal, was at 
a mole ratio of detergent /protein == g. 

Dr. M. Joly {Paris) said : The interaction between protein and deter- 
gent does not necessarily involve the denaturation of the protein. For 
instance, if sodium dodecyl sulphate at very low concentration is added 
to a solution of tobacco mosaic virus, we observe by streaming bire- 
fringence a change of shape of the virus particles, but the biological 
properties of the virus do not change. The protein virus is not denatured 
by the sodium dodecylsulphate at a concentration far below the critical 
concentration of micelle formation. 

Dr. H. L. BooiJ {Leiden) said : Some ten years ago Mrs. Teunissen- 
van Zijp, in our laboratory, made some experiments on the influence of 
organic anions on the charge of a positive protein (clupein). When 
comparing the concentrations of fatty acid anions needed to reach the 
state of zero-charge, it was found that between C* and Ci, the influence 
of the length of the carbon chain was very pronounced (C*, o*6 mole /I. ; 
C|, o-i mole/1. ; Cjo, o-oi mole/1. ; Cj*, 0*003 mole/ 1 .). As in this homo- 
logous senes the interacting negative groups of the fatty acid anions and 
the positive groups of the protein are the same throughout, these experi- 
ments suggest the important role of the van der Waals' forces between 
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the carbon chains and the protein. So I quite agree with Prof, Luck 
that the binding capacity of proteins generally depends on Coulomb 
forces between oppositively charged groups and van der Waals’ forces 
between carbon chains, and non-polar side chains of the amino acid 
residues of the protein. In other organic molecules (e.g. with OH groups) 
hydrogen bonds may be expected, too. 

Dr. J. T, Edsall {Harvard) said : I should like once more to emphasize 
the specificity of the stabilizing action of fatty acid anions on serum 
albumin, which Dr, Luck has discussed. Oncley, Melin and Gross, in 
our laboratory, showed during the war that y-globulin is not at all stabil- 
ized against heat denaturation by these reagents ; in fact, it becomes 
somewhat less heat-stable in their presence. On the other hand, reagents 
such as glycine, or the salts of some dicarboxylic acids, do significantly 
stabilize y-globulin, although the effects are far less dramatic than those 
of fatty acid anions on serum albumin. 

It might be of interest to study the stereochemical specificity of some 
of these reactions with albumin. For instance, would the binding con- 
stants be different for d- and /-mandelate, or for cis~ and ^mns-cinnamates ? 
Considering the great importance of steric factors in immunologic reactions, 
one might expect to find something a little similar here. 

Dr. O. Hoffmann- Ostenhof {Vienna) said : In connection with the 
experiments reported it may be of interest that the interaction of cation 
detergents with protein can be well demonstrated by measuring the in- 
activation of enzyme activity by these compounds. Enzymes are, as 
far as it is known, proteins and are rather unspecifically inhibited by 
cationic detergents. Experiments performed in my laboratory with 
various enzyme preparations (urease, papain, catalase, phosphomono- 
slerases) have shown that cationic detergents of various chain length 
(C. to Cjg) have qualitatively the same effect on enzyme action ; quan- 
titatively there is a marked difference, the compound being about two 
hundred times a stronger inhibitor of the action of the enzymes named 
than the compound. 

Dr. J. A. V. Butler {London) said : I would like to ask Prof. Luck 
whether the " bond free energies he gives do not really refer to dis- 
placement reaction. They are based on the equilibrium of the anions 
between a dialy.sis bag containing the protein and an outer buffer solution. 
When an anion enters the bag it will be accompanied by an equal quan- 
tity of a positive ion, or will displace an equivalent quantity of negative 
ions. So what is leally measured is either the sum of quantities which 
refer to the distiibution of both positive and negative ions, or a difference 
representing the displacement of one anion by another. Since proteins 
hold water very tenaciously and it has been found that each polar side 
group binds at least one water molecule with a considerable energy, 
I would also like to ask if he thinks that the anions are bound on top of 
this bound water, or do they displace it ? 

It would be very interesting to have the bonding energies (AH) 
instead of the free energies which are quoted. Have any temperature 
coefficients been measured ? 

Dr. J. T. Edsall {Harvard) said ; Dr. Butler asks whether any AH 
values have been measured for these reactions. Klotz and Urquhart ^ 
reported AH as — 2100 cal. /mole for the binding of methyl orange by 
bovine serum albumin and as — 2000 cal. /mole for azosulphathiazol. 
Still more recently, Scatchard, Scheinberg and Armstrong ® have obtained 
AH values for the binding of chloride and thiocyanate by albumin. These 
values are extremely low, not more than a few hundred cal. /mole, and 
could indeed be regarded as zero within the experimental error of the 
measurements. 

Prof. J. Murray Luck {Stanford, California) replied : I don't know 
how to answer Dr. Butler's questions about bond energies and water. 

*/. Amer. Chem. Soc., 1949. 7 L 847. * Ibid., 1950 (in press). 



62 


LIPO-PROTEIN CENAPSES OF HORSE SERUM 


As for the former, I quite agree that the bond energies mentioned in the 
paper may not be as amenable to the precise interpretations that apply 
to small molecules and very simple systems. Competition of other 
anions derived for example from salt and buffer, must confuse things 
somewhat so that the bond energy is really a net value representative 
of the affinity between positively charged groups on the protein and the 
added anion, but in the presence of certain competing anions. It is relevant 
to mention that the bond energies are calculated only for the first ion 
that is bound. In so far as statistical factors predominate and inter- 
ference with the adding of the remaining ions is negligible the cal- 
culated bond energy is probably about the same for all of the ions that 
are bound. There is, however, another qualification that should be made. 
The value is obviously statistical and presupposes that the first ion to 
be bound is not preferentially directed in each reacting protein molecule 
to a guanidine group, a lysine group, or some certain amino acid side 
chain. 

I shall have to skip over the water question : I don't know what effect, 
if any, hydration of the positively charged groups would have. 

Prof. J. R. Squire (Birmingham) said : As we have heard today 
various examples in which the body lipo-protein differs in behaviour from 
those studied experimentally in vitro, it seems appropriate to give a more 
encouraging example of the relevance and fundamental importance of 
such combinations in human economy. With Dr. C. Ricketts and Dr. 
E. Topley of the Medical Research Council Units at the Birmingham 
Accident Hospital, studies have been made of the self-sterilizing power 
of human skin against pathogens such as haemolytic streptococci. These 
organisms are destroyed by oleic acid which is found free only with other 
lipids in quantities corresponding to a layer 0*5 to 1*0 ft thick on the skin. 
As previously shown by Dubos, the bactericidal power of oleic acid is 
inhibited by serum albumin. We have shown that the self-sterilizing 
power of skin against streptococci is correspondingly inhibited by serum 
albumin. As described by Prof. Murray Luck, the combination is quanti- 
tative (even though in our experiments concentrations leading to micelle 
formation were employed) and is specific — for example, neither the keratin 
surface of skin nor added peptone interferes with self-sterilization. 
Breaches of the skin surface leading to its contamination with serum 
proteins would be expected to allow the multiplication of pathogenic 
organisms ; this finding is the rule in dermatitis and other conditions. 
The complete understanding of lipid-protein interaction is clearly of the 
greatest importance to many aspects of biology and medicine. 


STUDIES ON LIPO-PROTEIN CENAPSES OF 
HORSE SERUM 

By M. Macheboeuf and P. Rebeyrotte 

Received 2 nd June, 1949 

The lipo-protein obtained by acid precipitation of horse serum contains 
protein, lecithin and cholesterol esters, but no other lipids are present. The 
fraction obtained from horse serum preserved aseptically for a period of 
ten days, differs from that produced from a fresh serum. This indicates that 
ageing of the serum causes rapid structural alterations of the lipo-protein 
constituents. 

The lipo-protein fraction obtained by acid precipitation of fresh serum is 
well defined and behaves homogeneously on electrophoresis. The electrical 
mobility observed is very close to that of crystalbumin. When the lipo-protein 
fraction is treated for lipid extraction, the protein obtained is still homogeneous, 
but is not identical with crystalbumin or with any of the known globulins. 
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Ultra-centrifugation and electron microscope studies indicate that the 
lipo-protein particles are of homogeneous size of the same order as those 
observed with the known serum proteins. Every particle must be formed 
of one protein molecule, or possibly two, associated with some lipid molecules. 
The protein -lecithin association must be of the same type as that obtained 
when protein is mixed with a saponium. 


A lipo-protein fraction containing up to 40 % lipids but, never- 
theless, water-soluble in neutral or alkaline medium (pH > 6*5) was 
isolated by one of us ^ twenty years ago from horse serum. This fraction, 
termed C.A. (i.e. cenapses precipitated by acid), is studied in the 
present work. C.A. consists solely of protein, lecithin and cholesterol 
esters. The principle of C.A. precipitation is reviewed, and the struc- 
tural alterations which C.A. undergoes when scrum is preserved for 
a long time before fractionation are examined. 

Further investigations have been carried out, to determine the 
nature of the protein present in C.A. using electrophoresis. The mobility 
of C.A. as well as that of the associated proteins have been observed. 
The size of C.A. particles has been determined using ultracentrifugation 
and electron microscope techniques. 

Electrophoretic experiments have been carried out in collaboration 
with Mr. Demende. Ultracentrifugation and electron microscope 
studies have been performed in collaboration with P. Lepine and J. 
Giuntini. ^ 

Principle of C.A. Isolation. — Globulins contained in horse serum 
are precipitated with half-saturated (NH4)2S04 ; the precipitate is 
redissolved in water and recovered by a second treatment with (NH4)2S04 
The supernatant liquids obtained from these two precipitations are 
mixed together. They contain the albumins as well as the C.A. and 
are half-saturated with salt. To this solution M/io H2SO4 is added 
until pH 3*9 is reached. The precipitate thus obtained is redissolved 
in a small volume of water and ammonia added until the pH is ^ ; 
a further precipitation is effected by readjusting the pH to 3'9 
(precipitate l). 

Under these conditions the concentration of ammonium sulphate 
is smaller, consequently only partial precipitation of the albumins 
takes place but precipitate i contains a large amount of lecithin and 
cholesterol esters. Re-dissolution of precipitate I followed by re- 
precipitation increases the relative proportions of lecithin and cholesterol 
esters in precipitate 2, whereas more albumins and lipids remain in the 
supernatant liquid in which the concentration of ammonium sulphate 
decreases. These operations (dissolving at pH 7 and precipitating at 
pH 3*9) when repeated several times effects a fractionation. This is 
demonstrated in Fig. I where the composition of the precipitate is 
studied as a function of the number of precipitations. 

The composition of the precipitate remains constant after six pre- 
cipitations ; only slight decrease in the amount of the precipitate is 
observed from 6 to 9 (see Fig. 1) due to the solubility characteristics 
of the C.A. at pH 3*9, If the C.A. is mixed with a great excess of 
crystalbumin, it dissolves in a large amount of water even at pH 3’9. 
This explains why very small amounts of water are used for rcdissolving 
precipitate i during fractionation. 

^ Macheboeuf, Bull, Soc. Chim, biol., 1929, il, 268 and 483; also Thesis 
(Paris, 1928) ; Rev. Generale CoUoides, 1929, 7, 352 and 393 ; Actualites Sci. Ind., 
No. 448, Vol. I (Paris, 1936). 
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Constitution of the C.A. Fraction. — ^Precipitate 9 indicated in Fig. I 
contains 59-3 % protein, 22-7 % lecithin (no cephalin present), and 
17*9 % cholesterol esters (no free cholesterol present). The absence of 
free cholesterol and other lipids in the C.A. fraction indicates the speci- 
ficity of the fractionation technique. 

These figures for the composition of C.A. were obtained before the war. 
The following experiments were undertaken in 1946 in a period when the 
conditions in France resulting from war damage were such that the horses 
were undemoumished. The proportion of C.A. in the serupi was then 
very small and it was impossible to obtain C.A. fractions as rich in lipids ; 
for instance, the composition found was protein 83 %, lecithin 12*5 %, 
and cholesterol esters 4*5 %. 



Phospholipids 

Acids 

Chloresterol 
Total Substances 


Serum Ageing. — Previous work in our laboratory has shown that 
when serum is prevserved aseptically the lipo-proteins were altered. Thus 
the cholesterol of aged serum cannot be liberated by the cycloj>entane- 
phenanthrene saponosides, while this operation is possible on fresh serum. 
In the present work, the influence of serum ageing on the composition 
of C.A. fraction is considered. 

We have observed that the composition of C.A. varies with the conditions 
of the serum, i.e. whether the serum is fresh or has been kept aseptically 
for a few days in a refrigerator, or preserved at ordinary temperatures. 
The volume and mass of the wet precipitate obtained by the last centri- 
fugation increases markedly when the serum has been preserved. 

* Delage, Bull, Soc. Chim, hiol., 1936, 18, 1311 ; Thesis (Paris, 1937). 

* Tayeau, Compt. rend. Soc. Biol., 1939, 130, 1029 and 1944, * 3 ®* 423. 

* Tayeau, Bull. Trav. Soc. Pharm. Bordeaux, 1945, 83, 62 and 89. 

* Macheboeuf, Polonovski and Faure, Compt. rend., 1948, 327, 1420. 
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Table I summarizes the results obtained with serum kept at 4'* C 
under a layer of ether* This solvent prevents bacterial growth and does 
not dissolve any of the lipids ; consequently the experimental results 
are practically unimpaired. In Table I the weight is expressed in g./ioo 
ml. serum. The facts are even clearer when the separation of C.A. from 
scrum is effected by the more rapid although less specific method of 
Macheboeuf and Dizerbo.® The results then obtained are summarized in 
Table II. 

The lecithin /protein ratio in serum No. 3 decreased from 10 % to 
2 % in a period of 10 days ; the weight of the wet precipitate increases 
by 200 % whereas the increase is only 40 % for the dry C.A. It follows 
that rapid alterations in the structure of lipo-protein system of the 
serum takes place. But if a solution of C.A. obtained from fresh 
serum is preserved in a refrigerator its properties remain unchanged for 


TABLE I 



Weight of 
Wet C.A. 

Weight of 
Dry C.A. 

Proteins 

Cholesterol 

Esters 

Lecithins 

Serum, fresh 

4*15 

I‘00 

o*8o 

: 0 045 

0*121 

Serum, preserved three days 

7-^5 

1-44 

1*30 

1 0*065 

0*083 

Serum, preserved ten days . 

8*20 

1-33 

1*12 

0-077 

0*062 

TABLE II 


Weight of 
Wet C.A. 

Weight of 
Dry C.A. 

1 

j Proteins 

Cholesterol 

Esters 

Lecithin 

Serum No. 2 

Serum, fresh . . . j 

4*9 i 

1*00 

0*84 

0034 

0*067 

Scrum, preserved three days 

80 i 

1.36 

1*28 

0053 

0*076 

Serum, preserved seven days 

i6-5 

1 - 3*2 

I'lb 

0*070 

0055 

Serum, preserved ten days . 

1 i6*o 

1*28 

I-I 4 

i 0071 

0025 

Serum No. 3 

Serum, fresh 


1*09 

; 0-815 

1 0-043 

0*085 

Serum, preserved three days 

8-4 

1-58 

1-37 

i 0*052 

0*089 

Serum, preserved seven days 

l0‘2 

1*47 

1*20 

0*070 

0*042 

Serum, preserved ten days . 

i6*o 

1*43 

I*I8 

0*070 

0*025 


many days. Thus the alterations shown in Table II are not due to 
spontaneous alterations of the C.A. itself, but could be due to lipid or 
protein exchange between C.A. and some other lipo-protein cenapse of 
the serum, or to the presence of an enzyme. 

Electrophoresis. — ^We have shown in previous work’*® that protein 
and lipids in the C.A. move together in an electrical field. The apparatus 
then used was quite primitive. The present work has been carried out 
using the Tiselius apparatus. C.A. which was very rich in lipids and 
prepared from fresh horse serum has been compared with the crystal - 
bumin of the same serum. The pH was maintained at 8 using M/30 
phosphate buffer. The proteins obtained from C.A. have also 
examined (after removing as much as possible of the lipid constituents by 
the method of Hardy and Gardiner* using absolute alcohol at — 15° C 

® Macheboeuf and Dizerbo, Compt. rend. Soc. Biol., 1939, 132, 268. 

’ Macheboeuf and Vanaud, ibid., 1941, 136, 1249. 

* Macheboeuf, Delsal, Lepine and Giuntini, Ann. Inst. Pasteur, 1943, 69, 321. 

• Hardy and Gardiner, J. Physiol., 1910, 40, 68. 

C 
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and then cold ether. This method • extracts the totality of cholesterol 
esters and approximately half the lecithin contained in the C.A.)* 

The diagrams of Fig. 2 to 6 correspond to the falling boundaries ob- 
served after 4500 sec. under a potential gradient of 5V/cm. Fig. 2 
and Fig. 3 show that C.A. is practically as homogeneous as crystalbumin, 
Fig. 4. A slight dissymmetry in the graph suggests the existence of a 
slow-moving fraction in a very small proportion. The protein obtained 
from C.A. after lipid extraction (Fig. 5) shows a single boundary and the 
diagram is symmetrical. 

The mobilities at pH = 8 are : 0*76 x io~* cm.* sec.“^ volt”^ for C.A., 
0*85 X io~* for albumins and 0-75 x 10*** for C.A. after lipid extraction. 
(The mobility of crystalbumin remains unchanged after a treatment for 
lipid extraction by the method of Hardy and Gardiner). The mobilities 
of C.A. and crystalbumin are very close to one another. This explains 
the fact that electrophoretic measurements on a serum do not usually 
allow the detection of the existence of C.A., the proportion of which is 
very small compared with the total albumins. (Fig. 6 correspond to 
the original serum before C.A. is extracted.) Nevertheless, it has been 
shown recently^® that if electrophoresis of the serum is continued for a 
long time, it is possible to detect evidence of heterogeneity of the albumins 
in the serum. The mobility of C.A. after lipid extraction (0*78 x io“* 
cm. sec.”^ volt“^) does not differ appreciably from that of the original 
C.A. (0.75 X 10*"*). Hence extraction of the lipids by the method of 
Hardy and Gardiner does not alter the mobilities. 

It appears, therefore, that C.A. is a well-defined fraction which 
behaves as if it were practically homogeneous on electrophoresis and that 
its mobility at pH 8 is only slightly le.ss than that of crystalbumin. The 
protein obtained after lipid extraction is also homogeneous. 

Nature of the Proteins contained in C.A. — Electrophoresis has shown 
that the mobility of the protein extracted from C.A. is not exactly the 
same as that of crystalbumin. The protein is, nevertheless, not identical 
with a-globulin as its mobility is too high. 

Work in progress with E. Barbu confirms that the protein of C.A. 
obtained after lipid extraction differs from crystalbumin and globulin. 
Indeed, its gelling diagram does not correspond to that of crystalbumin 
nor serum globulins even after these proteins have been submitted to the 
lipid extraction method. 

We have therefore studied the solubility of the C.A. proteins. Curves 
in Fig. 7 show the precipitation by (NH4)2S04 at pH — 7. The solutions 
in each case contained 90 mg. pioteins. The C.A., as well as the proteins 
isolated from C.A. by lipid extraction, behave as homogeneous compounds 
and the curves obtained are very different from those given by globulins 
or crystalbumin. 

In order to emphasize the difference between crystalbumin and C.A. 
proteins we have tried to crystallize the proteins isolated from C.A. after 
lipid extraction. This protein did not crystallize when submitted to the 
treatment which led to perfect crystallization of the serum albumins 
(the crystalbumin was submitted to the treatment of Hardy and Gardiner 
before crystallization). The presence of a germ of crystalbumin in the 
C.A. protein did not promote crystallization. 

Thus the protein associated with lecithin and cholesterol esters and 
present in the C.A. is not crystalbumin nor any of the known globulins. 

Dimension of C.A. Particles. — (i) Ultracentrifugation. — ^We have 
found previously® that the sedimentation constant is 2*5 x io~^® to 
4 X cm. sec.~^ dyne~^ We ignored the density of the C.A. particles 

which differed naturally from that of the C.A. protein due to the lipids 
contained in these particles. The Elford formula has enabled us to 

Hoch and Hoch-Ligeti, Biochem. 1948, 43, 556. 

Barbu and Macheboeuf, Ann, Inst, Pasteur, 1948, 74, 300 ; 75, 56, 226, 
426 ; Bull. Soc. Chim. hioL, 1948, 30, 553 ; Compt. rend Soc. Biol., 1948, 142, 123. 
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Fig. (S. — A tJiin layer of a i/ro,ooo solution 
of C. A. in distilled water is deposited on the 
membrane and submitted to evajioration 
at room temptMatiire. The platt* was ob- 
tained using 8o kV after shadowing with 
gold in vacuum. T!u‘ magnification is 

00. 000. The* amount of C.A. is relatively 
high. The particles are in some places 
super-j)osed in several layers. iMeasure- 
m<‘nts of the diameters give* v'alues between 
0 and lo m/i. A rouiuf relativ(‘ly large, 

1. solated particle (probably impurity) is 
visible on the right just above the* centre of 
the j)lat(‘. Its diameter {22 ni/i) is useful 
for comparison. 



L. 


h'i(.. i) A droplet ol V(.'r\' ililute ( . \ 
solution has bt*en dc^posited, and tlieex- 
ces.^ lupiid ri'inoved bv a (Mpillarv })ip(‘lte 
thus leaving minute ([uantity of lH|uid. 
'file (juantity ol ('.A. is just great(‘r than 
that neces.sarv^ to prodiu c* a lilm at the 
interface. On spreading, the ])rott‘ins lo.st* 
their globular stall* ; onlv a non-uniform 
thickness of the layer, jirobably due to tlu* 
statt* of tlu* li])o-pi()l«‘in lilni is visible. 
Sonu* isolatt‘d jiartu.les have been ch*- 
posited on this layer. fheir diameter is 
b(*twt'en 5 and U) npe 



I'lG. JO - SJious tobacco virus taken under the same 
conditions as in S and <f. The niagnitication 
is ()o,ooo, the diainetiT of the virus is known to 
be 15 iiiyLi. 1diis is used for ccini]>arison with the 
dimensions of the C'.A. jiartich-s. 
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calculate the approximate value of the equivalent diameter of the particles. 
Such experiments are now being carried out using heavy water in order 
to approximate more closely to the density of the particles ; more details 
will soon be available. Nevertheless, we can conclude that the experi- 
mental results point to the existence of a particle with dimensions of the 
same order as found for the normal serum proteins. 

The C.A. therefore does not consist of lipids coated with proteins, but 
is in fact a dispersion at the molecular stage of a protein-lipid combination. 

(2) Electron Microscope. — ^The photographs (Fig. 8, 9 and 10) 
were obtained with a magnification of 60,000. No large droplets are 
visible and all particles are similar, their diameter being a few m/x. This 
agrees well with the dimensions calculated from sedimentation experi- 
ments and confirms that C.A. does not consist of voluminous lipid and protein 
aggregates. Each particle must be formed by one, or at the most two, 
protein molecules associated with a few lipid molecules. If the unknown 



Curves of solubility as function of (NH4)2S04 concentration 
C.A. 

C.A. after lipid extraction 

crystalbumin 


molecular weight of the C.A. protein is close to that of albumin, then a com- 
position of 83 % protein, 12*5 % lecithin, and 4*5 % cholesterol esters would 
indicate that one protein molecule is associated with 13 or 14 lecithin 
molecules, and 5 or 6 cholesterol esters. The molecular weight thus 
deduced for the particle would be of the order of 85,000. 

We have shown that proteins associate in vitro with saponiums which 
are constituted of one or two paraffin chains and one quaternary nitrogen 
are stable on electrophoresis. Thus C.A. is a particular case of such an 
association, as lecithin contains two hydrocarbon chains and one quater- 
nary nitrogen. Furthermore, protein-saponium compounds form water- 
soluble complexes with cholesterol esters. This accounts for the different 
ratios of cholesterol esters in the C.A. extracted from different horse serum. 
But the protein associated with lecithin and cholesterol esters in C.A. 
is a particular protein, which differs from crystalbumin and globulins and 
which has a marked affinity for lecithin. Its electrophoretic mobility is 
close to that of crystalbumin while its solubility indicates a behaviour 
similar to that shown by the globulins. 

Macheboeuf and Polonovski, Ann, Inst. Pasteur, 1948, 74, 196, 203 ; 
Polonovski, Thesis (Paris, 1949), Bull. Soc. Chim. biol. r948 (in press). 
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Addendum 

Since the submission of our paper, we have continued our researches 
and I should like to add the following results. 

We have repeated the experiments corresponding to Fig. 7, employing 
in addition, different solutions of globulins obtained from the same horse 
serum, and also treated by the delipidation method of Hardy and Gardiner. 
The curves obtained for the different globulin fractions are very different 
from the curve of defatted C.A. (Fig. 76). 

We may therefore conclude that the protein obtained on defatting 
the C.A. is neither crystalbumin nor any known a, or y globulin. It 
is in all probability a hitherto unknown protein. It does not occur in 
high concentration in the plasma and its electrophoretic mobility does 
not allow it to be easily differentiated from crystalbumin. In addition, 
ammonium sulphate at 50 % saturation does not precipitate it quanti- 
tatively. These facts explained why it has not been observed before. 
We were able to isolate it due to its special properties when bound to 
lecithin and cholesterol esters. 

It is to be emphasized that the defatting of C.A. by the method of 
MacFarlane or by the method of Hardy and Gardiner is not absolutely 
complete. A small proportion of phospholipid always remains (less than 
10 % of the total lipid phosphorus). 



We have also completed the centrifugation experiments in mixtures 
of ordinary and heavy water. Unfortunately the centrifuge utilized 
(Henri ot and Huguenard model) has no optical recording device. We 
were therefore obliged to follow the sedimentation by chemical analyses. 
We analyzed for proteins, cholesterol and lipid-phosphorus; the results 
were in good agreement within the limits of experimental error for such 
micro-determinations. The particle density thus calculated is i*io ± 0*05 
g. cm.-®. 

When working on high concentrations of heavy water (90 %) the 
sedimentation of cenapses is extremely slow because the particle density 
is hardly greater than that of the surrounding liquid. In dealing with 
a mixture of C.A. and ordinary proteins one would see the lipid-free pro- 
teins sediment much more quickly than the cenapse. 

Having thus obtained an approximate value for the C.A. particle 
density, we then calculated the diameter of a spherical particle of the 
same density which would sediment in ordinary water with the same 
speed as C.A, The equivalent diameter thus calculated was 6’5 i i*5 m/Lt. 
Tins figure is in good agreement with the dimensions found by our electron 
microscope measurements (between 6 and 10 m/x). 

Institute Pasteur, 

Rue du Docteur Roux, 

Paris, 
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GENERAL DISCUSSION* 

Dr. J. T. Edsall {Harvard) said : In the studies which Prof. Macheboeuf 
has described on the sedimentation of lipo-protein in heavy water, with 
the aim of determining the density of the protein, I presume one must 
take into account the deuterium exchange reactions between the water 
and the protein itself. The hydrogens of the carboxyl, hydroxyl, amino, 
and peptide groups must exchange very rapidly with the deuterium of 
the heavy water. Hence, as the medium becomes denser by increasing 
the deuterium content, the protein itself also becomes slightly denser. 
What is the best way of evaluating this effect ? 

Prof. E. K. Rideal (London) said : Is anything known about the 
hydrogens exchangeable with deuterium in proteins, especially in their 
native form ? Those on the amine groups and free carboxyl are evidently 
exchangeable. We might anticipate that the hydrogen in the 
— CO — NH — groups would exchange. Hydrogens binding the folds of 
the protein might exchange much more slowly. 

Prof. M. Macheboeuf (Paris) said : The exchange between heavy 
water and protein hydrogen certainly occurs and changes the density 
of the protein. But the hydrogen percentage of proteins is not greater 
than 7*5 (including water of hydration). If all the hydrogen w^ere sub- 
stituted by deuteriiim, the change in the density would be approximately 
7*5 %• But the exchange only takes place with some of the hydrogen 
atoms. The error must therefore be less than 5 %, It is on account 
of this fact that I proposed i*io ^ 0*05 for the C.A. density. 

The method of centrifugation in mixtures of heavy water and ordinary 
water affords us a sufficient approximation for our purpose. Centrifuga- 
tion in saline solutions of known densities would seem to have greater 
disadvantages because 

(i) the hydration of lipo-protein particles and perhaps also their 
structure, may be altered ; 

(ii) of the heavy metal salts, which it has been proposed, form com- 
plexes ^ with proteins and so change the particle density by fixation 
of numerous metal atoms on each particle. 

Dr. A. S. McFarlane (London) said : What proportion of the total 
lipids of horse scrum is represented in the C.A. protein ? 

Prof. M. Macheboeuf (Paris) said : The method of fractionation which 
gives C.A. is not quantitative since the C.A. are slightly soluble under 
the experimental conditions used. Nevertheless one can estimate the 
concentration of C.A. as roughly 2-5 g./l. of horse serum. The quantity 
of lipids in the C.A. would hence be of the order of i g./l. 

Prof. E. Ghargaff (New York) said : Is it not possible that your 
partially defatted lipo-protein differs in solubility from, say, ]8-globulin 
because of the lipids still retained in it ? And have you carried out any 
immunization ex|>eriments with your lipo-protein ? 

Prof. M. Macheboeuf (Paris) said : We are now carrying out immun- 
ization experiments with the C.A. but they are not as yet completed. 
As I mentioned in my paper, the defatting of the C.A. proteins is never 
strictly quantitative whether one chooses the method of McFarlane or 
the method of Hardy and Gardiner. A small proportion of phospho- 
lipids always remains in the protein. But this is a general fact ; a- and 
^“globulins defatted by the same methods also retain some lipid. It is 
therefore impossible to answer Prof. ChargafTs question, since there is 
no strictly quantitative defatting method which does not denature 
proteins. It is to be remarked, nevertheless, that the removal of 90 % 
of the C.A. lipids does not appreciably change their solubility in ammonium 
sulphate solutions (see Fig. i). The removal of the remaining 10 % 

* On preceding paper. 

^Macheboeuf and Viscontini, Ann, Inst. Pasteur, 1945, 71, 188’ 1946. 72. 
631 ; 1946, 72 » <338. 
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would have to change the solubility considerably more in order to make 
the curve approach that of a- and / 3 -globulins. 

Dr. A. Lasnitzki (Birmingham) said : May I ask Prof. Macheboeuf 
whether the lipo-protein complex he has isolated bears any relation to 
the thromboplastic protein of the blood and whether the ash of that 
substance shows the presence of calcium. 

Prof. M. Macheboeuf (Paris) said : We have not as yet looked for 
a relation between the horse C.A. and the thromboplastic fraction ; 
we have not found any calcium in the C.A. 

Prof. J. Murray Luck (Stanford, California) said : What is it that 
really happens in the ageing of ])lasma, to which Prof. Macheboeuf has 
also referred ? Presumably the proteins would not be rendered unhappy 
by the water itself. Is it that oxidation goes on, which, through con- 
version of — SH groups to — S — S — might reasonably be expected to 
alter the solubilities of the proteins ? Have experiments been con- 
ducted to investigate the influence of anaerobiosis on the ageing phe- 
nomenon. Also there is the question of proteolytic enzymes. For most 
tissue extracts it is reasonably certain that the presence of proteolytic 
enzymes is responsible for some undesired changes in the proteins under 
study. Are the proteolytic enzymes of plasma a similar source of trouble ? 
May they not contribute to the change in protein proportions observed 
in plasma which is not strictly fresh ? 

Prof. M. Macheboeuf (Paris) said : It is highly probable that enzymes 
play an important role in the modifications which lipo-proteins undergo 
during the ageing of plasma. I have no definite proof of this opinion, 
but I shall cite the following ob.servaticn. When liorse serum is stored 
for about ten days under .sterile conditions, the C.A. which may be ex- 
tracted are quite different from those obtained from the fresh serum. 
Nevertheless, the C.A. obtained from fresh serum and purified as much 
as p>ossible can Ix) kept for a very long time without any apparent change. 

Last year, I was still in possession of two ampoules in which I had 
sealed C.A. solutions 20 years ago. They were still clear. I opened one 
a year ago and an examination of the contents showed no appreciable 
change. The isolated ('.A. are, therefore, remarkably stable. This is 
probably due to the elimination of enzymes during the purification. 
Unfortunately we cannot as yet affirm the complete identity of a protein 
fraction obtained by fractionation and the protein pre-existent in the 
plasma. Hence the C.A. obtained are possibly more stable than the 
cenapses originally present in the plasma. 


THE LIPO -PROTEINS OF HUMAN PLASMA 


By F. R. N. Gurd, J. L. Oncley, J. T. Edsall and E. J. Cohn 
Received 2nd June^ 1949 

The lipids of fasting human plasma exist almost exclusively in the form of 
two distinct types of lipo-proteins, having electrophoretic mobilities of a^- 
and / 3 i-globulins respectively. The solubility properties of these plasma lipo- 
proteins are those of typical proteins. The a-lipo-proteins represent about 3 % 
of the total plasma proteins, contain about 35 % lipid, and have a molecular 
weight near 200,000 ; the / 3 -lipo-proteins represent 5 % of the total plasma 
proteins, contain 75 % lipid, and have a molecular weight of 1,300,000. Both 
lipo-proteins contain phospholipids, unesterified cholesterol, and cholesterol 
e^terified wdth fatty acids, and the j8-lipo-proteins also bind much of the caro- 
tenoids and oestrogens present in plasma. 


The Lipids of Normal Human Plasma do not exist, in any appre- 
ciable concentration, in the free state but are combined with specific 
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proteins as well-defined lipo-proteins* When the large-scale fractiona- 
tion of human plasma, at low ionic strength, was first developed in 
ethanol-water mixtures at low temperature ^ it had been expected that 
many of the plasma lipids would remain in the residual ethanol-water 
mixture from which the proteins had been precipitated. The lipids 
in the large pools of Red Cross plasma that were fractionated were, 
however, found in two readily separated fractions combined with two 
quite distinct types of lipo-proteins. 

The Different Lipo-proteins differ greatly in their solubility in 
water and ethanol-water mixtures, in their molecular size and shape, 
in their lipid content, and in their electrostatic interactions. The one 
group moves in the electric field with mobilities characteristic of the 
so-called a2, the other of the jSj serum globulins. Unlike most other 
protein components of plasma, these lipo-proteins cannot be frozen 
or dried from the frozen state without gross denaturation. Indeed, 
lipo-proteins appear to be susceptible to many types of denaturation 
not common to other plasma proteins. Only with the development 
of our new method of plasma fractionation ^ which depends upon 
protein-protein interactions, and in which fractional extraction has 
largely replaced fractional precipitation, have the a-lipo-proteins been 
separated in a state approximating that which obtains in nature. 

The jS-LiPO-PROTEiNs are estimated to represent approximately 5 % 
by weight of all the plasma proteins.® They contain approximately 
three-quarters of the lipid of fasting normal human plasma. The 
j 3 -lipo-proteins are euglobulins, that is to say, they are insoluble in water 
in the isoelectric condition in the absence of salt. Small amounts of 
salt have a great influence upon solubility in the region of the solubility 
minimum, near pH 5*4. It was as a result of solubility changes of 
this kind that Mellanby^ was able correctly to deduce the law of ionic 
strength long before it was deduced from the study of simple electrolytes.® 

The solubility behaviour of the j8-lipo-proteins of human plasma is 
greatly influenced by their tendency to interact strongly with other 
proteins to form insoluble complexes. Thus, they combine with 
y-globulins over a pH range in which the y-globulins are very soluble 
as cations and in which the jS-lipo-proteins are very soluble as anions. 
On mixing, a hundred-fold reduction in solubility has been observed. 
In our new method of plasma fractionation ® advantage is taken of this 
interaction to effect quantitative separation of the albumins from the 
y-globulins by employing conditions under which each would be soluble, 
but under which the y-globulins are rendered insoluble by complex 
formation with the j8-lipo-proteins. These complexes are subse- 
quently decomposed, in the new process, by the addition of a high 
concentration of the dipolar ion glycine. 

The effect of ionic strength is most marked on the solubility of the 
complexes formed between ^-lipo-proteins and y-globulins. Solubility 
increases of more than ten-fold have been observed on changing the 
ionic strength from o-oi to o-02 in phosphate buffers at pH 6-6. 

^ Cohn, Strong, Hughes, Jr., Mulford, Ashworth, Melin and Taylor, J. Amer. 
Chem. Soc., 1946, 68, 459. 

® Cohn, including Mittelman (1946), Mouton, Uroma, Liu (1947), Surgenor, 
Barnes, Lever (1948), Gurd, Gillespie, Brown, Kahnt and others (1949) (in 
preparation). 

® Cohn, Experientia, 1947, 3, 125. 

^ Mellanby, /. Physiol., 1905, 33, 338, 

® Lewis and Randall, /. Amer, Chem. Soc,, 1921, 43, 1112. 
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Some, at least, of the plasma euglobulins studied by earlier workers 
may well have been complexes with lipo-proteins. Early observa- 
tions ’ suggested that the point of minimum solubility of certain 
plasma euglobulins of various species were in the neighbourhood of 
pH 5*5, Hardy® had noticed, in 1905, that Globulins contain phos- 
phorus, two analyses by Carius* method giving 0-07 and 0*o8 % by 
weight.” He added that a characteristic property of serum globulins 
“ was their phosphorus content and the close association of the 
characteristic insolubility of the globulin with the presence of this 
clement.” Haslam, pursuing these investigations further, confirmed 
the presence of phosphorus in euglobulins and concluded that it was 
absent in pseudo-globulins. ‘‘ Globulin contains, or is closely associ- 
ated with phosphorus, rather more than o*l P % being found. About 
lialf this belongs to a fatty, lecithin-like body which amounts to some 
8-10 % of the globulin freed from pseudo-globulin. Apparently no 
part of this body is detached from globulin through prolonged treat- 
ment with acids, alkalies, or salts.” ® 

There is a close relationship between the jS-lipo-proteins and the 
A-protein of Pedersen.^® Pedersen observed great variations in the 
apparent proportions of the X-protein in his fractions, in sedimentation 
experiments carried out at varying concentrations of total protein. 
From the apparent variability of this component in solutions of differ- 
ing total protein concentration, he was led to suggest that the A"-protein 
existed in an equilibrium with other albumin and globulin components. 
He effected some separation of the jS-lipo-protein of human plasma by 
sedimentation in solutions of high density in which it rises during 
centrifugation. Pedersen also pointed out that there is no lipo-protein 
of closely similar physical and chemical properties which has yet been 
recognized in any animal plasma. * 

The starting material for the preparation of the ^-lipo-protein has, 
in the past, been Fraction III — O derived from Fraction II + III of 
human plasma. The conditions of this separation may be briefly 
summarized. After the major portion of the fibrinogen and some other 
components have been removed in Fraction I, Fraction II + III is 
precipitated at pH near 7 and ethanol O'Opi mole fraction at 5° C. 
Fraction III — O, containing the j8-lipo-protein as its chief constituent, 
was then extracted at pH between 7*2 and 7’6 with ethanol 0*070 mole 
fraction at very low ionic strength (about 0*005). The jS-lipo-protein 
is soluble in this medium, whereas prothrombin, the y-globulins, the 
f5c?-agglutinins, and other components of this fraction remain insoluble. 
The extracted lipo-protein components of Fraction III — O could again 

® Rona and Michaelis, Biochem, Z., 1910, 28, 193. 

" Chick, Biochem. 1913, 7, 318. ® Hardy, J. Physiol., 1905, 33, 251. 

® Haslam, Biochem. 1913, 7, 492. 

Pedersen, Ultracentrifugal Studies on Serum and Serum Proteins (Uppsala, 

1945). 

♦ Johnston and Ogston have explained these results as due to a boundary 
anomaly caused by changes in the concentration of a slower component due to 
differences in its rates of sedimentation in the presence and absence of a faster 
component. Their interpretation is supported by ultracentrifuge studies in 
this laboratory which indicate the )8-lipo-protein to be a distinct component, 
and eliminate any need for postulating reversible combination with albumin 
or other globulins under the conditions of the ultracentrifuge experiments. 

Oncley, Melin, Richert, Cameron and Gross, Jr., /. Amer. Chem. Soc., 
3940»7U54i- 

Johnston and Ogston, Trans. Faraday Soc., 1946, 42, 789. 
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be precipitated by adjusting to pH 5*6-5*9 at ethanol 0*091 mole fraction 
and low ionic strength. Further purification was most readily effected 
by differential centrifugation. The principle of the method, developed 
by Oncley, Melin and Gross, is to separate the low density jS-lipo-protein 
from contaminating denser proteins by ultracentrifugation in a suf- 
ficiently dense medium so that the jS-lipo-protein is caused to rise slowly 
towards the surface. /8-lipo-protein prepared in this way was mono- 
disperse in the ultracentrifuge. 

From analyses of three separate preparations of /8-lipo-protein the 
following approximate composition was calculated : protein, 25 % ; 
phospholipid, 30 % ; cholesterol (free + esters), 45 %. Nearly all the 
carotenoid of plasma is bound to the ) 3 -lipo-protein.* The absolute 
amount of carotenoid present is of the order of o-02-o*03 % and is, 
therefore, extremely low (on the average less than i mole of carotenoid 
per mole of protein). At least one of the estrogens of plasma, estriol, 
has been estimated to be combined specifically with the jS-lipo-protein 
and not with the a-lipo-protein. 

The ^-lipo-proteins are very large molecules of approximately 
spherical shape. The partial specific volume of the anhydrous protein 
is approximately 0*950 and that of the hydrated protein approximately 
0*97.^® Therefore, the sedimentation rate of this protein in the ultra- 
centrifuge is extremely sensitive to the density of the medium. The 
intrinsic viscosity is 0*041. This figure, combined with the difference 
in partial specific volume between the anhydrous and the hydrated 
protein, would indicate that the molecule is approximately spherical 
and that the hydration is of the order of 0*6 g./g. of anhydrous protein.^^ 
Assuming the molecule to be spherical, a value of 1,300,000 is calculated 
for the anhydrous molecular weight. The diameter of the hydrated 
molecule, considered as a sphere, is 185 A. 

The biological significance of the j8-lipo-protein as an agent of 
transport and exchange for lipids in their passage between the blood 
and tissues would appear to be very great. Experiments, using lipids 
or lipid derivatives containing suitable isotopes, are being carried for- 
ward in this laboratory with the aim of studying the rates of exchange 
and distribution in some of these reactions. 

The a-LiPO-PROTEiNS of human plasma have markedly different 
properties from the ^-lipo-proteins. These a-lipo-proteins have some 
similarities with the lipo-proteins isolated by Macheboeuf from 
horse scrum in that both are soluble in water in the absence of salts 
and have a high electrophoretic mobility, However, Macheboeuf ’s 
lipo-protein contained about 50 % lipid compared with 35 % lipid 
in the a-lipo-protcin we have prepared from human plasma. 

In the earlier studies carried out in this laboratory the a-lipo-proteins 
were separated in Fraction IV — i : ^ that is, at ethanol 0*062 mole 
fraction at — 5° C and pH 5*2. They remained soluble under the 
conditions in which the jS-lipo-proteins precipitated in Fraction II + HI. 

♦ The first studies on plasma carotenoids in our laboratory were carried out 
by Dr. John W. Mehl in the summer of 1944. 

Roberts and Szego, Endocrinology, 1946, 39, 183. 

Oncley, Scatchard and Brown, /. Physic. Chem., 1947, 51, 184. 

Macheboeuf, Bull. Soc. Chim. biol., 1929, ll, 268. 

Macheboeuf, Elat des Lipides dans la Matiere Vivants (Paris, 1937). 

Macheboeuf, Delsal, Lepine and Giuntini, Ann. Inst. Pasteur, 1943, 69, 321. 

t The electrophoretic behaviour of Macheboeuf's lipo-protein preparation 
was somewhat complicated, and it is difficult to establish the exact electrophor- 
etic relationship between it and the human plasma a-lipo-proteins. 
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In the new system they remain in solution with the albumins in 
Fraction a : that is, at ethanol o*o66 mole fraction at — 5° C at 
pH S- 8.2 

The physico-chemical data on this protein refer almost entirely 
to the preparations obtained by the earlier method. This lipo-protein 
represents approximately 3 % of the total protein of plasma.^ Approx- 
imately 65 % of the dry weight consists of amino acid residues and 
35 % is lipid material. The molecular weight has been tentatively 
estimated as 200,000.^* The intrinsic viscosity, o-o66, indicated a 
more asymmetrical molecule than the j8-lipo-proteins.^* Oncley, 
Scatchard and Brown estimated the dimensions of the molecule, 
considered as an ellipsoid of revolution, as 300 A in length and 50 A 
in cross-section. Presumably the a-lipo-proteins function also as 
agents of transport and exchange for certain lipids, but the nature of 
their specific functions in plasma is still being investigated. 

The Solubility Properties of the Plasma Lipo-proteins are 
those of typical proteins. The response to variations in pH, ionic 
strength, and concentration of glycine or of ethanol are character- 
istic of those of simple proteins, and show no influence of the lipid 
moiety. On denaturation, however, the bond between the lipids and 
the amino acid residues is broken and the separated lipids display 
their characteristic insolubility in water or salt solutions. 

Department of Physical Chemistry^ 

Harvard University. 


STATE OF LIPIDS IN BLOOD PLASMA 


By a. S. McFarlane 
Received 20 th May, 1949 

The bearing of recent work on current conceptions of the manner in which 
lipids and proteins are associated in plasma is discussed. Attention is directed 
particularly to some inconsistencies in the properties of the lipo-proteins which 
have been described. The densities and micellar or molecular weights do not 
appear to be compatible with the presence of a stabilizing protein layer which 
is implied by electrophoretic data. 

The possibility is discussed that the association of lipids and proteins is of 
the same nature at all levels of particle size in plasma. 

The production of artificial emulsions of lipids in serum is described and 
these are shown to have properties significantly different from the natural ones. 


Our knowledge of this subject is largely based on a few important 
observations which merit recapitulation. 

Horse serum from which the globulins have been removed by half- 
saturation with ammonium sulphate gives a further precipitate when 
the pH is adjusted to 3-8. After purification this material has an 
approximately constant composition, including 1 8 % cholesterol and 
2'2 % phospholipid in addition to protein.^ Lipids are also associated 
with all the electrophoretic fractions of human serum in amount 

^ Macheboeuf , Bull. Soc. Chim. bioL, 1929, 11, 268. 
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equivalent to at least a one-to-one molecular ratio between protein 
and lipid. However, the jS-globulin fraction is much richer than the 
others, containing 8*6 % cholesterol and lo % phospholipid.® Large 
j8-globulin fractions which occur in nephrosis and jaundice are much 
reduced by ether extraction,® and a similar effect is observed in normal 
human serum if the ether extraction is accompanied by freezing to 
low temperatures.^ The precipitate which forms in human serum at 
pH 7 and between 50 % and 60 % saturation with ammonium sulphate 
has a density of only i*io. When purified by reprecipitation this material 
is almost homogeneous by electrophoresis and contains 8*5 % phospho- 
lipid, 16.4 % cholesterol and 20*4 % fatty acids.® Two lipoproteins 
containing 35 % and 75 % lipids have been isolated by low -temperature 
alcohol fractionation of human plasma and shown to be related to the 
oLi and Pi globulins.® 

Human serum, by contrast with a number of animal sera, shows 
an asymmetrical albumin boundary in the ultracentrifuge, suggesting 
the presence of a second or so-called X-protein sedimenting close to 
the albumin.'^ This component can be made to move more slowly 
than the albumin, or in the opposite direction, by increasing the density 
of the medium with salt, thus establishing a link with the plasma lipids. 
The X-component can be isolated in small quantities by high-speed 
centrifugation in the presence of high salt concentrations.® Since 
electrophoretically isolated p + y globulin fractions contain a similar 
component of density 1*03 and pure y-globulin fractions do not, it is 
established that the X-protein of the ultracentrifuge diagram is related 
to the ^-globulin of the electrophoresis one.® 

In the present paper these observations are discussed more critically 
and some new data presented. 

1. Lipid Partition in Plasma. — Only in the case of human plasma 
are anything like complete data available. In this plasma only small 
proportions of the total lipids are present in the lipoprotein fractions 
precipitable between 50 % and 60 % saturation with ammonium 
sulphate, or by adjusting the pH to 3*8 at half-saturation with am- 
monium sulphate. The a- and jS-globulins isolated by electrophoresis 
on the other hand together contain approximately 75 % of the plasma 
cholesterol and 85 % of the phospholipids,® a result which is confirmed 
for cholesterol only in the case of the same globulins isolated by alcohol 
fractionation,^® There is some uncertainty as to the proportion of the 
total lipids represented by the lipoproteins of the Harvard workers. 
Cohn gives a total of 3*1 g. lipids per litre in the form of and P^ 
globulins, while Oncley estimates 2-2 g. lipids in the same form.® 
It is not clear that the latter quantities have been isolated as distinct 
from estimated in lipoprotein combination. 

* Blix, Tiselius and Svensson, J. Biol. Chem., 1941, 1 37, 485. 

* Longsworth, Shedlovsky and Macinnes, J. Expt. Med., 1939, 70, 399. 

* McFarlane, Nature, 1942, 149, 439. 

^ Adair and Adair, J. Physiol., 1943, 102, 17P. 

* Oncley, Scatchard and Brown, J. Physic. Chem., 1947, 51, 184. 

’ McFarlanc, Biochem. J., 1935, 29, 407. 

® Pedersen, J. Physic. Ghent., 1947, 51, 156. 

* Pedersen, Ultracentrifugal Studies on Serum and Serum Fractions (Almquist 
and Wiksells, Uppsala, 1945). 

Cohn, Experientia, 1947, 3, 125. 

“ Cohn, Strong, Hughes, Mulford, Ashworth, Melin and Taylor, J. Amer. 
Chem, Soc., 1946, 68, 459. 
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LIPIDS IN BLOOD PLASMA 


It seems probable that the various workers in this field have not 
attempted to account quantitatively for the lipids in plasma because of 
the uncertainty which surrounds their state of aggregation. Ageing 
accompanied by precipitation, filtration, and low-speed centrifugation 
individually reduce the lipid content by removing microscopically-visible 
particles (chylomicrons, blood platelets, etc.) which are rich in neutral 
fat. That sub-microscopic ones are still present in a clear filtered human 
serum is suggested by the presence of refraction gradients at the meniscus 
during preliminary acceleration of undiluted serum in the ultra- 
centrifuge.^*® If the serum is covered with oil, these merge with the 
oil layer. Pedersen records that mixing or shaking serum with oil 
reduced its refractive increment, in one instance by as much as i8 %.® 
There can be little doubt that the systematic loss in total refraction 
which occurs between rest and full-speed in the ultracentrifuge is due, 
in some measure, to lipid micelles rising to the meniscus which are not 
large enough to give rise to an opalescence but are small enough to 
refract visible light. 

The question also arises whether the same sub-microscopic particles 
may not give rise in the electrophoresis cell to some degree of endos- 
motic streaming of a kind which is visible with virus particles.^® In 
this connection, no adequate theory has yet appeared to explain the 
disturbance which accompanies the descending )8-globulin boundary 
in human serum. Longsworth et al. attribute it to convection, while 
at the same time showing that it disappears after ether extraction of 
the serum.® Convection or endosmosis of lipid particles will, of course, 
seriously affect lipid distributions based on electrophoretic analyses, 
and might, for example, explain the small amounts of lipid which Blix 
et al, find in their albumin and y-globulin fractions separated by electro- 
phoresis ® and which others do not confirm by alcohol fractionation.^^* 

2. Association of Particulate Lipids with Protein. — A visible 
opalescence due to chylomicrons in unfiltered human serum migrates 
usually with the ^-globulin. However, an instance is recorded of it 
migrating mid-way between the a- and j8-boundaries and the writer 
has observed it also in a lipaemic serum to migrate exactly with the 
a-globulin. There appears to be no evidence of y-globulin associating 
with particulate lipids or other materials in plasma, presumably be- 
cause of the smaller number of charges which the molecule carries. 

In general, arising out of the studies of Abramson, Moyer et 
all plasma proteins presumably are capable in some degree of stabilizing 
lipid particles. However, when present together the question of mutual 
displacement arises and it seems in general that )8-globulin exercises 
the highest affinity for most forms of lipid, being in this respect analogous 
to the rare globulin fraction which is responsible for stabilizing the 
fat particles in milk.^® When jS-globulin is absent or fully used up 
(e.g. in a gross lipaemia) a-globulin and possibly albumin take over. 
However, there is not sufficient data to exclude the possibility that 
different lipids are stabilized by different proteins. 

3. Association of “ Dissolved ’’ Lipids with Proteins. — In 

Personal observation. 

McFarlane, Trans. Faraday Soc., 1940, 36, 257. 

Edsall, Advances in Proiein Chemistry (Academic Press Inc., 1947), 3» ^33* 

Blix, J. Biol. Chem., 1941, 137, 495. 

Abramson, Moyer and Gorin, Electrophoresis of Proteins (Reinhold Pub- 
lishing Corporation, 1942). 
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recent years most workers have come to associate the dissolved or 
molecularly-dispersed lipids of human plasma with the -protein. 
Pedersen, to whom the characterization of this protein is mainly due, 
finds that it represents an unspecified portion of the jS-globulin boundary 
and proposes for it a minimum molecular weight of 500,000 and a com- 
position of 20 % lipids, 10 % carbohydrate with albumin and globulin 
in a molar ratio of 3/1.® The density of the hydrated particle from 
centrifugation data is 1*03 g. cm.^. In view of the relatively high 
densities of proteins (l'37) and carbohydrates generally (l’54) it is 
difficult to see how a particle of this composition could have such a 
low density. Indeed the value is so close to that of mixed plasma 
lipids^’ (1*004) to suggest that this so-called “protein” must 
consist mainly of lipids. Petermann, using Pedersen’s method, has 
also prepared a fraction rich in AT-protein, and has studied the release 
from it of particulate lipids which is known to result from the action 
of lecithinase.^® While she makes no estimate of density it is notice- 
able in her ultracentrifugal analyses that after the enzymatic “ release *’ 
of 51 % X-protein, the albumin/globulin ratio is sensibly unchanged. 
This can be interpreted to mean that the X-protein consists almost 
entirely of lipids or alternatively that any protein which it contains must 
be representative of the plasma proteins as a whole. This would appear 
to be a simple matter to settle by chemical analysis of pure material, 
but unfortunately serious losses occur in attempts to wash the crude 
material.® The instability is also reflected in the case of the Harvard 
lipo-proteins by high osmotic pressures, suggesting the presence of smaller 
molecules, “ very probably of lipid ”, and indeed leakage of lipids 
through the membranes is also recorded.® 

Pedersen’s purified A'-protein shows two approximately equal 
peaks on ultracentrifugation in the presence of salt, one with the 
sedimentation constant of albumin. Since the proportion which this 
purified material bears to the A-protein in the original serum is not 
stated, it is difficult to estimate the significance of the free albumin 
or indeed of the purified A-protein. In view of the readiness with 
which the albumin evidently dissociates it is not surprising that Oncley 
et al. do not find any of it in their purified lipo-protein fractions. At 
the same time it is pertinent to ask whether such a loose association 
of albumin with lipids and globulin can have any important significance 
in the original plasma. The writer wonders whether, in estimating 
more albumin than globulin to be present, Pedersen may have been 
influenced by the high concentration (up to 28 %) which he finds,® 
and which Petermann confirms,^® for the A-protein in slightly diluted 
human serum. It represents more than the combined concentrations 
of the aj and /Sj globulins.^® However, Johnston and Ogston have 
now shown that the concentration effect which is present in the ultra- 
centrifuge at high total protein concentrations, and which gives rise 
to large apparent concentrations of albumin at the expense of the 
globulins, is due to a boundary anomaly and not, as had been sug- 
gested, to a splitting of globulin molecules.^ That this effect is present 
in Pedersen’s case is seen from the fact that the concentration of the 

Popjak and McCarthy, Biochem. 1946, 40, 789. 

18 Petermann, J. Biol. Chem., 1946, 162, 37. 

1® Armstrong, Budka, Morrison and Hassam, J. Amer. Chem. Soc., 1947, 
69, 17. 

Johnston and Ogston, Trans. Faraday Soc., 1946, 42, 789. 
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X-protein increases from ii % at 3-2 % total proteins to 28 % at 5*3 % 
proteins. While it is not possible to say precisely what is the true 
proportion of it is definitely not more than 1 1 % and may be much 
less. The total lipids of normal human plasma are equivalent to 7 % 
of the proteins.*^ 

The Adairs obtain a mean molecular weight of 350,000 for their 
^-globulin by osmotic methods and show by immunological tests that 
it contains neither albumin nor y-globulin.^ The molecular homogeneity 
of the X-protein is also doubtful. The asymmetric portion of the al- 
bumin curve in the ultracentrifuge diagram has been resolved graphically 
into two or three homogeneous components ® but a larger number might 
be accommodated. 

In proceeding to consider the nature of the association of lipids 
and proteins at the molecular level it appears that the main practical 
criterion of this is the optical transparency of the solutions, and 
probably the most serious single obstacle in the way of studying the 
association lies in our inability to produce equally clear solutions of 
lipids and plasma proteins in vitro. Some experiments in this field 
are reported below. 


Experimental 

Efforts to disperse cholesterol, cholesterol oleate or triolein into rabbit 
serum resulted in the production of opaque emulsions in which only in- 
significant amounts of lipids went into clear solution. These experiments 
differ from numerous predecessors only in the use of a powerful ultra- 
sonic generator which comprises an AT-cut quartz crystal of 7 cm. diam. 
dissipating 10 W cm.”^ into oil at 300,000 c./sec. The energy was trans- 
mitted from the oil to the serum with negligible loss through a cellophane 
diaphragm or alternatively, with up to 30 % loss, through the wall of 
a test tube. Radiation was not prolonged beyond 5 min. since protein 
denaturation then becomes evident. It may be noted that a few seconds' 
irradiation disperses completely the micellar cloudiness associated with 
some solutions of sodium oleate or bile salts. 

Efforts were also made to obtain combination of cholesterol and plasma 
proteins by a common solvent technique using 60 % normal or isopropyl 
alcohols. Whereas Stallberg and Teorell were able in this way to obtain 
a sufficient degree of solution of lipids and proteins for surface studies,** 
the writer failed to get a final concentration of cholesterol in rabbit serum 
in any way comparable to what is present in normal human serum. 
Neither the cholesterol nor the plasma globulins are sufficiently soluble 
to make this a practical bulk procedure. Attention was then turned to 
the less hydrophobic phospholipids. 

Lecithin was prepared from rabbit brain by acetone-methanol extrac- 
tion followed by repeated resolution in ether and precipitation with 
acetone to get rid of cholesterol and neutral fat. Kephalin was separated 
by precipitation with ethanol at — 35® C ** and the lecithin was emulsified 
three times with water and flocculated with minimal quantities of acetone 
to get rid of water-soluble impurities. The final product gave opaque 
emulsions with water but ultrasonic irradiation steadily reduced the 
micellar size until the solution was clear by transmitted light. Lecithin 
was also prepared from egg yolk by essentially the same procedure but 
all preparations made in this way differed from the brain ones in resisting 

Peters and Van Slyke, Quantitative Clinical Chemistry, Interpretations 
(Balli^re, Tindall and Cox, London, 1946), 1, 469. 

** Stallberg and Teorell, Trans. Faraday Soc., 1939, 35, 1413. 

** Sinclair, Can. J. Res., 1948, 26, 777. 
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all efforts, including the use of ultrasonics, to obtain optically clear 
solutions. 

Since it is notoriously difficult to prepare proteins in bulk free of 
traces of lipid, e.g. for X-ray analysis, it was thought that the converse 
might be true, and that the difference in behaviour of the two lecithins 
might be attributable to traces of proteins associated with them, i g. 
of egg lecithin was therefore digested with 0*05 mg. crystalline pepsin 
for 2 hr. at pH 3*0 and further digested with 0-05 mg. crystalline trypsin 
for 2 hr. at pH 8*5. It can be assumed that the trypsin digested the 
residual pepsin but it is uncertain that the aqueous washing procedures 
which followed were any more successful in removing adsorbed residual 
trypsin than they were in removing protein associated with the original 
material. That the digestion procedures were effective is shown by a 
fall in nitrogen of one sample of lecithin from 2*22 % to 1-85 %, while 
the phosphorus remained unchanged at 4-01 %. In spite of this treat- 
ment the egg lecithin preparations still could not be obtained in clear 
solution. 

Dropwise addition of a solution of mixed bile salts produced with 
the help of ultrasonics a solution as clear as that of the brain preparation 
with ultrasonics alone, when the proportion of lecithin to bile salts was 
2/1. This solution and a brain lecithin solution were separately mixed 
with rabbit serum in a proportion of two parts by weight of serum pro- 
teins to one of lecithin and the two dialyzed and examined by electro- 
phoresis. In both cases the serum globulins were unaffected both in 
mobility and concentration by the presence of the lecithin. In one 
experiment the globulins were separated in the descending limb of the 
U-tube and shown to contain no more than their normal amount of lipid 
phosphorus. 

In the course of dialyzing lecithin, either alone or in the presence of 
rabbit serum, slow leakage of lecithin but not of serum proteins was 
observed. This amounted to a loss of 15 % of the lecithin in the dialysis 
period of 2 ^ days prior to electrophoresis. The lecithin which passed 
through the cellophane was mainly polymerized and accumulated without 
mixing as a milky layer at the bottom of the buffer solution. Presumably 
lecithin molecules or small micelles which have passed through the 
membrane rapidly form larger micelles in the buffer. 

Discussion 

The association of proteins with lipids in the visible particles of human 
plasma is generally accepted to involve only van der Waals* attractive 
forces. It has some features, however, which distinguish it from an 
artificial emulsion of lecithin in plasma. The particles are charged 
differently and in the case of the natural material they are not in equili- 
brium with molecular lecithin since no leakage takes place through 
cellophane. They also do not give rise to any measurable osmotic 
pressure. It would appear that the body has some mechanism which 
we have not been able to imitate by which it assembles lipids in proper 
proportions, possibly including traces of still unrecognized materials, 
and assembles the whole inside an a- or /8-globulin envelope which 
effectively isolates the micelles. 

The same situation may arise with the invisible lipid particles of 
plasma, with the additional difficulty that the existence of a lipo-protein 
molecule has to be considered. The latter term may be taken to imply 
any of several properties of conjugated proteins, viz. electro-valency 
or co-ordination valency bonds between the constituents, constancy 
of chemical composition and physical properties, immunological specifi- 
city, and possibly crystallinity or some biological property not 
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possessed by either constituent alone. From the evidence reviewed 
here there seems to be little to justify classifying the various lipo-proteins 
which have been isolated as conjugated proteins. This may of course 
be due to technical difl&culties in preparing and studying them and 
particularly to an instability which seems to increase as they are 
purified. However, the alternative possibility must be considered 
that the form of association of lipids and proteins at the molecular 
level is not fundamentally different from that in the visible region. 

By analogy with soap -hydrocarbon associations we may visualize 
lipids either as sandwiched between laminar sub-units of globulin 
molecules or enclosed in a protein skin of polypeptide side-chain 
thickness. In either case an upper limit is placed on the size of the 
particle by the maximum area which a plasma globulin molecule can 
occupy. In close proximity with a concentrated lipid phase it may 
be assumed that the protein film cannot be of the expanded or gaseous 
type and will therefore have an area close to 0*8 sq. m./mg. irrespective 
of the nature of the protein.®^ For a single globulin molecule of weight 
156,000 this corresponds to 2 X lO”^® m.^ which is sufficient to cover 
a lipid sphere of radius 35 A. If this spherical shell is packed with 
mixed plasma lipids of mean density 1*00 g. cm.“® the equivalent 
molecular weight of the lipo-protein particle is 260,000 and the lipid 
content 41 %. Corresponding maximum equivalent molecular weights 
for micelles stabilized in this way by 2, 4, 8 and 20 globulin molecules 
are 0-34, i*o, 3-2 and 13 millions, and corresponding lipid contents 
are 52 %, 63 %, 72 % and 80 %. It is evident from these figures 
that a micelle containing 75 % lipids and having a coherent globulin 
surface must have a molecular weight much greater than the highest 
yet proposed (i*5 millions) for any lipo-protein of plasma. Conversely, 
on any principle of lipo-protein association, if the molecular weight 
of a particle containing 75 % lipids is less than 4-5 millions, the surface 
cannot be exclusively globulin in nature. 

S:ince plasma lipids migrate with the a- and jS-globulin boundaries 
the tendency has been to assume that the lipid particles are coated with 
a- or j3-globulins and of course this offers much the simplest explanation 
of the detergent effect of the proteins. Nevertheless, this can only be 
true if the lipids and proteins associate by simple adsorption since it 
is unlikely that proteins could retain their electrophoretic characteristics 
while entering into any kind of intimate bonding with such large pro- 
portions of lipids. The identification of two components, in both 
a- and j8-globulins, only one of which contains lipids,® suggests the possi- 
bility that the surface properties, and hence the mobilities, of a^- and 
j8i-globulins are to some extent determined by the lipids. In such a 
case the possibility exists of true conjugation between lipid and protein 
components, and relatively small particle weights can be reconciled 
with high lipid contents. Decisions on these matters must clearly 
await more precise mobility data for isolated lipo-proteins. 

The writer is indebted to Mrs. A. Dovey for making the electro- 
phoresis observations mentioned in the experimental section. 

National Institute for Medical Research, 

Hampstead, 

London, A^.PF.3. 

Bull, Advances in Protein Chemistry (Academic Press Inc., 1947), 3, 95. 
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AND METABOLISM 
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Some of the more important factors affecting the blood lipids likely to be 
concerned in blood plasma lipo-proteins are considered. Experimental data 
are stabilized by various systems. The effects of a protein environment on 
these various fat particles are described. Various artificial emulsion are com- 
pared and contrasted with the chylomicron emulsion. The possible significance 
of blood lipo-proteins in relation to the transport of lipids, fat oxidation and 
tissue structure are discussed. 


A lipo-protein is more than a simple admixture of lipid and protein ; 
its specific properties must be dependent upon the association of the 
lipoid and protein molecules ; the binding forces between the lipoid 
and protein molecules may take a variety of forms. The strength and 
characteristics of the bonds which hold the lipids and proteins together 
are important biologically in so far as they may affect biological pro- 
perties, Lipo-proteins have so far been studied mainly from the physical 
and chemical aspect ; the relationship to biological function may 
perhaps be discussed most easily cither in relation to cell structure or 
to blood plasma lipo-proteins. The object of this paper is to put 
forward some experimental and biological observations which may be 
relevant to the biological chemodynamics of blood lipo-protein com- 
plexes. 

The lipids in blood have a more or less constant level which may be 
observed in man after about 10-12 hr. starvation. This basic level 
varies with age and sex, and under the influence of certain hormones. 
It may also vary in disease. Marked variation in lipoids is always 
observed after the ingestion of lipid-containing foods and after starva- 
tion for longer periods than 12 hr. In some animals marked changes 
in lipids may also result from repeated haemorrhage, ether anaesthesia 
high cholesterol diet and other causes. The commonest physiological 
variation is the systemic post-absorptive hyperlipaemia which follows 
the ingestion of a fat-containing meal. The physiological character- 
istics of this hyperlipaemia have been extensively studied.^* ® This 
post-absorptive hyperlipaemia is used as a basis for the studies reported 
in this paper. 

Normal human blood plasma contains lipids in three main forms : 
fatty acids and their glyceryl esters, phosphatides and sterols. 

Fatty acids and their glyceryl esters.— If a lipaemic blood 
is collected after a period of 12 hr. starvation, it only contains a trace 

1 Gage and Fish, Amev. J, Anat., 1924, 34, i. 

* Frazer and Stewart, J. Physiol., 1937, 9 ^t 18. 

3 Elkes, Frazer and Stewart, ibid., 1939, f5, 68. 
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of fatty acid and glyceryl esters. In normal post-absorptive hyper- 
lipaemic blood the glyceryl esters are markedly increased, but there 
is no significant alteration in the quantity of free fatty acid. The 
esters observed in this hyperlipaemia are triglycerides, mainly contain- 
ing long-chain (Cjg to Cjg) fatty acids. The more unsaturated and 
short-chain fatty acids are not found in these triglycerides. The long- 
chain triglycerides occur in the blood as particles forming an oil-in- 
water emulsion. The sizes of the particles varies up to 0*5 /x diam., 
with occasional larger particles up to i-O/x diam. 

In man the particulate fat in the blood in post-absorptive lipaemia 
is essentially derived from triglyceride fat in the diet.^ These long- 
chain triglycerides arc partly hydrolyzed in the intestinal lumen and 
emulsified to a particle size of less than 0*5 /x in the small intestine by 
an emulsifying system consisting of fatty acids, lower glycerides and 
bile salts. ^ This finely dispersed triglyceride passes into the intesinal 
cell.® Alternatively, the triglycerides are completely hydrolyzed in 
the intestinal lumen and re-synthesized again in the intestinal cell.® 
Whatever the method of transport through the outer border of the 
intestinal cell, it is generally agreed that particulate triglyceride accumu- 
lates within the intestinal cell and that this passes through the inner 
border of the cell into the corium of the villus. 

If negatively charged particulate material is injected into the tissues 
it does not pass into blood capillaries, but is conveyed by the lymphatic 
vessels to the nearest lymphatic glands. Negatively charged fat 
particles behave similarly in the intestinal villus and pass into intestinal 
lymphatics and not into the portal blood vessels. When fat is being 
absorbed the quantity of lymph passing up the thoracic duct is greatly 
increased. This lymph must be derived from blood reaching the in- 
testinal villi. There must, therefore, be an alteration in the permea- 
bility of the intestinal capillaries during fat absorption which allows the 
formation of much larger quantities of lymph. Little change in lymph 
flow occurs during the absorption of carbohydrates or amino acids. 
The mechanism, causing this increased lymph flow, has not yet been 
investigated. It seems probable that the flow of lymph, but not its 
formation, is assisted by movements of the intestinal villi. The lymph 
formed is similar to blood plasma, except that it contains less protein, 
usually about 4 g./ioo ml. The albumin/globulin ratio may be in- 
creased. 

The fat-laden lymph now passes up the thoracic duct, short-circuiting 
the liver, and is injected directly into the venous blood just before it 
enters the heart. The fat particles now circulate in the systemic 
blood, from which they are removed, mainly into the fat depots. 

Phosphatides. — The main phosphatide in the blood is said to be 
lecithin and the normal level is about 250 mg./ioo ml. Natural 
lecithin may not conform to the generally accepted formula for lecithin, 
since many of its characteristics cannot be explained on this basis. 
Differences arc found in the fatty acids in the lecithin molecule. Some 
samples contain very unsaturated fatty acids, such as arachidonic acid ; 
others contain more saturated compounds. More detailed information 
is required with regard to the chemistry of blood phosphatides. Con- 

* Frazer, Schulman and Stewart, J, Physiol., 1044, 10^, ^06. 

® Frazer, Physiol. Rev., 1946, 26, 103. 

® Verzar and McDougall, Absorption from the Intestine (Longmans, Green 
and Co., London, 1936.) 
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fusion is caused by the use of the term “ lecithin for a variety of 
phosphatides, which differ fundamentally in their chemical and physical 
properties. 

Phosphatides can be synthesized in the liver, small intestine, kidney,’ 
and possibly other organs. During fat absorption phospholipid syn- 
thesis has been demonstrated both in the intestinal cell ® and in the liver 
Chyle collected during fat absorption contains lecithin, but this is not 
necessarily derived from material synthesized in the intestinal cell. 
Phosphatides in the chyle may be derived from the blood, giving rise 
to the lymph, or from the liver, or from synthesis in intestinal cells. 
Isotope-labelled plasma phosphatides have been shown to return in 
the lymph.® At the height of fat absorption, the increase in the blood 
phospholipid must be due to synthesized phospholipid passed into the 
blood from or through the liver rather than in the chyle, since the con- 
centration in the latter is usually less than that in the blood. From 
isotope studies in normal and hepatectomized animals, it seems clear 
that the liver is the main site of both formation and removal of plasma 
phospholipids,^® In addition to changes in plasma phosphatides, alter- 
ation in the lecithin content of the red blood corpuscles during fat 
absorption has also been described. 

Sterols. — The main sterol in the blood is cholesterol, which occurs 
in free and esterified form. The normal amount observed in the blood 
is 250 mg./ioo ml., rather more thiin half being esterified. Cholesterol 
is probably the mother substance from which sterol hormones, bile salts 
and other important substances are made in the body. Cholesterol is 
absorbed from the intestinal tract probably in association with fats. 
Cholesterol can be synthesized in the body.’^ During fat absorption, 
cholesterol can be demonstrated in the chyle, but it is not known whether 
this material comes from the diet, the bile, or the blood. 

The basic level of blood cholesterol remains fairly constant. It 
increases, however, with age and also in pregnancy. The blood choles- 
terol is also related inversely to thyroid activity. In the sprue syndrome, 
the blood cholesterol is usually low.^^ It is possible that this low 
blood cholesterol gives rise to secondary deficiencies of steroid hormones. 
The low level of blood cholesterol in the sprue syndrome may be due to 
faulty cholesterol synthesis as the result of modified liver function. 

Experimental 

The experimental observations put forward have been made over a 
number of years in connection with several different biological problems. 
They are concerned with studies on oil -in-water emulsions designed to 
illustrate the structure and properties of different types of fat particles 
and the relationship of structure to their behaviour in a protein environ- 
ment. 

Materials. — Pure substances were used in these studies as far as 
possible. Natural materials were prepared by standard methods, unless 
otherwise stated- The protein fractions were obtained by ammonium 
sulphate precipitation. 

’ Chaikoff, Physiol. Rev., 1942, 22, 291. 

® Sinclair, J. Biol. Chem., 1929, 82, 117. 

• Reinhardt, Fishier and Chaikoff, ibid., 1944, 79. 

Entenman, Chaikoff and Zilversmit, ibid., 1946, 166, 15. 

“ Channon, Biochem. J., 1925, 19, 424. 

Frazer, Brit. Med. J., 1947, 2, 641. 
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Methods. — Emulsification was carried out with the Impulsor 
emulsifier.^" 

Determination of Particle Size, Dispersion and Stability was 
carried out by examination, using dark-ground microscopy. 

Mobility was investigated by microelectrophoresis. 

Flocculation Reactions were studied by the standardized methods, 
as described by Elkes, Frazer, Schulman and Stewart.^" 

Lecithinase Reaction was carried out by the method described by 
Elkes and Frazer.^" 

Chemical Analyses were carried out for fats and fatty acids by the 
micro technique of Schmidt Nielsen.^® Standard methods were used for 
other analyses. 

Results 

{a) Characteristics of different types of fat particle. — Many 
different varieties of oil -in-water emulsions have been studied. Olive 

TABLE I. — Properties of Artificial Emulsions. 
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♦ Elkes (1949). 


oil was the dispersed phase in each case. The main properties of some of 
the more interesting emulsion particles are shown in Table i. It will be 
seen from this table that soaps, phosphatides, or plasma proteins were 
equally effective as emulsifying agents, particles of an average diameter of 
0‘5 /A being obtainedin each case. The stability of these emulsions over a 
])H range varied, stability being maintained in an acid medium with hexa- 
decyl sulphate, phosphatides and proteins. Sodium oleate emulsions were 
unstable in an acid medium. Packing of the particles by centrifugation 
caused creaming and eventual breaking of all emulsions, except those 
stabilized by protein. The Cl. welchii <f-lecithinase only affected emulsions 
stabilized with egg lecithin or plasma proteins, 

(&) Observations on emulsion particles, using mixed systems. — 
Many different combinations of these and other substances have been 

Frazer and Walsh, /, Physiol. » I933» 7®, 467. 

Elkes. Frazer, Schulman and Stewart, Proc. Roy. Soc. A., 1945, 184, 102. 

Frazer, Elkes, Sammons, Govan and Cooke, Lancet, 1945, 1, 457. 

Schmidt-Nielsen, Acta, physiol. Scand. D., 1946, 12, Suppl. 37. 
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investigated. The most interesting from the biological point of view 
are : 

(i) Sodium Oleate-Protein Stabilization. — ^As already pointed out, 
sodium oleate emulsions rapidly break in an acid medium. They are 
also rapidly destroyed by i % sodium chloride. If plasma protein is 
added to sodium oleate at pH 7-4 particles are formed which are resistant 
to the action of sodium chloride or acidification. The sodium oleate 
stabilized fat particles can be similarly protected by other proteins.^’ 
This effect of protein is probably due to the formation of an adsorbed 
protein layer on the surface of the particle. 

(ii) De-Fatted Plasma-Fat Extract or Egg Lecithin. — ^The 
emulsifying properties of plasma are markedly reduced by de-fatting the 
plasma at low temperature. If the removed fat or egg lecithin are added 
to the de-fatted plasma, the emulsifying properties are restored. The 
simple addition of the extracted fatty material does not, however, com- 
pletely restore the normal emulsifying action. 

(iii) Glyceryl Monostearate-Bile Salts-Fatty Acids. — ^This com- 
bination was found to produce fine emulsification over a wide pi I range 
It is the probable emulsifying system in the small intestinal lumen.* 
The fatty acid and monoglyceride arc formed during the hydrolysis of 
triglycerides by pancreatic lipase.^® 

(^) Flocculation reactions of fat particles in a protein environ- 
ment. — The behaviour of fat particles in a protein environment has 
been extensively studied.^* It can be shown that proteins are adsorbed 
to the charged oil-water interface and cause a characteristic flocculation 
over a pH range. With negatively charged particles, flocculation occurred 
on the acid side of the isoelectric point of the protein and with positively 
charged particles on the alkaline side. Considerable overlap occurred in 
the case of y-globulin. The maximum clarification occuiTed when a 
monolayer concentration of protein was added and the flocculated par- 
ticles did not coalesce. If smaller quantities of protein were added, the 
flocculated emulsion particles rapidly coalesced, liberating free on. When 
much larger amounts of protein were added, further secondary aasorption 
of protein could be demonstrated. 

If negatively charged fat emulsion particles are added to plasma 
proteins at pH 7*4, rapid flocculation occurs. If, on the other hand, 
fat particles stabilized with lecithin are added to plasma proteins, they 
remain well dispersed. A .small range of flocculation is observed with 
lecithin-stabilized particles in the presence of protein at pH 5* 5-6*0. 

(d) Comparison of artificial emulsions and the chylomicron 
emulsion. — ^The characteristics of the normal chylomicron emulsion as 
obtained in post-absorptive lipaemic human plasma are shown in Table II, 
compared with various artificial emulsions. It will be seen that the 
chylomicron particle is about 0*5 in diam. and negatively charged. It 
remains discrete and well dispersed over a pH range of 4*0-10*0. Cream- 
ing is not observed after centrifugal packing. It is not affected by i % 
sodium chloride. The particle shows active Brownian movement at 
pH 7*4, but the mobility of the particle is decreased as the pH is shifted 
towards the acid side. Over a pH range immobility and flocculation 
can be observed at pH 5 *5-6*0 ; on either side of this region free mobility 
is found, but the charge on the particle is reversed on the acid side. If 
the chylomicron emulsion is acted upon by lecithinase, flocculation and 
breaking of the emulsion is observed. The characteristics of the artificial 
emulsion particles have already been described. It will be seen that 
triglyceride particles, emulsified in plasma protein, seem to be identical 
with chylomicrons. A lecithin-stabilized emulsion shows some similarity. 

(e) Comparison of fat particles in the chyle and the chylomicron 

Frazer and Stewart, /. Physiol., 1939, 95, 5, 7. 

1® Frazer and Sammons, Biochem. /., 1945, 39, 122. 
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TABLE II. — Comparison of Chylomicrons and Artificial Emulsions^ 
Artificial Emulsion Particles Stabilized with 
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emulsion — An opportunity recently occurred of obtaining fat-laden chyle 
from a human subject with a thoracic duct fistula. Under normal circum- 
stances these fat particles would have been chylomicrons a fraction of a 
second later. The properties of these fat particles in the chyle were found 
to differ fundamentally from those of chylomicrons, as shown in Table III. 


TABLE III — Comparison of Chylomicrons and Fat 
Particles .from Chyle. 



Chylomicrons 

Fat particles irom chyle 

Size .... 

0-5 A* 

0-5 Ai 

Charge .... 

Negative 

Negative 

Particles migrate with 

Globulin fraction 

Albumin fraction 

Centrifugal packing . 

Stability maintained 

Stability maintained 

pH range .... 

Flocculation, 

Flocculation, 

Half-saturation ammonium 

pH 5*5-6-o 

pH 4*6 

sulphate 

Saturation ammonium sul- 

Flocculation 

No effect 

phate .... 

No effect 

Flocculation 

Lecithinase 

Flocculation 

No effect 


and breaking 


Lecithin .... 

Present 

Present 

Cholesterol 

Present 

Present 

Protein .... 

6*5 g./ioo ml. 

4*1 g./ioo ml. 
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Discussion 

Many important biological properties of proteins may be dependent 
upon association of the proteins with lipids. This communication is 
concerned with the obverse of this — the importance of association with 
proteins to the biological reactions of lipids. Lipo-proteins might 
represent a method of transport of lipids in the blood-stream, they 
might modify the passage of lipids through membranes, they might 
be concerned with fat oxidation, or they might be an essential structural 
component of plasma or cells. Lipo-proteins might be important 
biologically from all these different aspects. 

{a) Transport of Lipids. — It has been claimed that phosphatides 
are important for fat transport in the blood. The first stage of fat 
transport is concerned with the removal of absorbed fat from the in- 
testinal cell to the fat depots or the liver. In the case of long-chain 
triglycerides, for the transport of which the phosphatide mechanism 
might be useful, almost all the absorbed fatty material is conveyed 
via the thoracic duct in the form of triglycerides, and although phos- 
phatide is present it does not appear to be essential to the stability of 
the triglyceride emulsion at this stage of its journey. In studies of 
phosphatide turnover in the intestinal cells, phospholipid does not appear 
to be an obligatory intermediate in the absorption of triglyceride 
and it cannot be concerned with the transport in the systemic or portal 
blood of any large quantity of absorbed fatty material. The next step 
in fat transport is from the fat depots to the liver, but the available 
evidence indicates that again the fat is transported as a triglyceride 
emulsion. There is no evidence to suggest that triglyceride is converted 
into phosphatide during the mobilization of fat from the fat depots, 
nor does it appear that the mechanism of transport of fat particles from 
the fat depots to the liver differs in any fundamental way from the 
mechanism of their transport to the fat depots from the intestine. 
The final step in fat transport is the alleged conveyance of fats from the 
liver to the body cells for combustion. It can be shown that the liver 
forms the phosphatides which are found in the plasma. It can also 
be shown that the liver is mainly responsible for the eventual removal 
of phosphatides from the plasma.® It must therefore be concluded 
that no significant quantity of fat is transported in the form of phos- 
phatide in lipo-proteins. 

The primary inclusion of sterols in lipo-proteins is possible, or they 
may be involved secondarily. No information appears to be available 
at the moment on changes in sterol distribution in relation to lipo- 
proteins under various experimental or pathological conditions. 

The main form of lipid tranj^port in the animal body appears to 
be long-chain triglyceride in particulate form. It is in this form that 
most absorbed fat is conveyed from the intestinal cell via the lymph 
to the systemic blood and fat depots. It is in this form that fat is 
mobilized and passes from the fat depots to the liver for metabolic use. 
In all these movements of particulate fat in the blood lipo-proteins 
appear to play an essential part. Fat particles stabilized with protein 
alone do not show the stability or characteristic properties of chylo- 
microns ; fat particles stabilized with lipids also differ from the 
particles found in lipaemic blood. The combination of properties 

Zilversmit, Entenmann and Chaikoff, J, BioL Chem,, 1948, 172, 637. 



88 


BLOOD PLASMA LIPO-PROTEINS 


observedcould be due to stabilization of the fat particles by a phosphatide- 
containing lipo-protein. The differences between the fat particles in 
chyle and those in the blood at the height of fat absorption require 
further study. They indicate, however, the probable competitive 
factors which determine the nature of the stabilizing interfacial film. 

{b) Passage of lipids through membranes. — It might be anti- 
cipated that lipo-protein formation would modify the passage of some 
of its component molecules through cell membranes. What significance 
this may have biologically is unknown. There is evidence that fat 
particles with different interfacial film structure are treated differently 
in the body. Thus some fat particles are readily taken up into the 
reticulo-endothelial cells in the liver and other tissues, while others 
pass into the fat depot cells. The essential factors determining these 
differences are related to the nature of the stabilizing film on the surface 
of the particle. 

ic) Fat oxidation. — It has been claimed that phosphatides, formed 
from triglycerides, are more oxidizable and thus phosphorylation might 
represent an important stage in fat oxidation. The evidence for this 
seems to be based mainly on the rapid oxidation which lecithin undergoes 
in air. It is likely, however, that the unsaturated fatty acids which 
oxidize under these conditions are protected from oxidation when the 
phosphatide forms part of a lipo-protein complex. There is no evidence 
of rapid oxidation of lecithin in normal plasma. Whether or not 
lecithin may be freely oxidized elsewhere in the body, it must be con- 
cluded that there is no evidence of any extensive oxidation of the 
phosphatides in plasma lipo-proteins. Association with protein may 
decrease oxidative changes rather than increase the liability to oxidation. 

[d) Structural function. — Lipo-proteins may be regarded as 
structural components upon which many of the properties of blood 
plasma depend. The structure of the plasma is such that it can ac- 
commodate alteration in water or lipid content over the physiological 
range. It is also possible that lipo-proteins take part in cell growth 
and repair which might account for the slow continuous turnover of 
phosphatide observed in hepatectomized animals. 

In conclusion it may be said that lipo-proteins clearly play a vital 
part in cell structure and they may be important in blood coagulation, 
triglyceride transport and in immunity. Furthermore, the association 
between lipid and proteins may so modify the properties of the com- 
ponents of the lipo-protein, that biological activity can be directed in 
a particular way. 

I am greatly indebted to several colleagues with whom many of 
the observations in this paper have been made, especially Dr. J. Elkes 
and Dr. H. G. Sammons. I am grateful to the Sir Halley Stewart 
Trust and Medical Research Council for financial assistance. 
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Prof, A. C. Frazer (Birmingham) said : The association of carotenoids 
and oestrogens with j 3 -lipo-proteiiis is a point of considerable biological 
interest. It is known that vitamin A may be associated with the glyceride 
fraction of blood lipids or with some other lipid fraction according to the 
form in which it is administered. It certainly behaves very differently 
from carotene. Is there any information with regard to vitamin A 
distribution in these lipo-proteins ? 

Prof. E. C. Wassink (W ageningen) said : I would like to ask Dr. 
Edsall whether the large numbers of (mol. lipid) /(mol. protein) in jS-lipo- 
protein mean that there are a few hundred molecules of cholesterol 
bound (in some way) to one molecule of protein ? 

Prof, E. J. Cohn, Dr. J. T. Edsall, Dr. F. R. N. Gurd and Dr. J. L. 
Oncley (Harvard) (communicated) : In reply to Prof, Frazer, studies of 
the distribution of vitamin A and vitamin E were attempted some time 
ago by colleagues of Dr, Hickman at Distillation Products, Rochester, 
N.Y. The plasma fractions then available had undergone considerable 
oxidative changes, and no active vitamins were found. Studies have 
not yet been made with lipo-proteins prepared from fresh blood under 
conditions that carefully protected them from oxidation. 

In reply to Dr. Wassink : Yes, our studies indicate that something 
like a thousand moles of cholesterol (about one-quarter as free alcohol 
and three-(piarters as fatty acid esters) are associated in some way with 
one molecule of / 3 -lipo-protcin. 

Dr. J. Elkes (Birmingham) said : The absence of the jS-lipo-protein 
from other than human plasma may not be unrelated to the well-nigh 
specific susceptibility of human serum to CL welchii lecithinase. This 
specificity was originally shown by Nagler ^ and our own observations 
are in keeping with his findings. Thus human and avian scrum are 
highly susceptible to this enzyme, whereas those of horse, guinea pig 
and rabbit are not ; though in certain instances (for example, in lipaemia 
of haemorrhage of the rabbit) a previously non-reacting scrum may acquire 
a secondary susceptibility dc})ending, presumably, upon some changes 
in lipo-protein constitution. It would be interesting to enquire into any 
differential susceptibility of the various protein fractions to this and similar 
enzymes, and to do so in the normal, and in lipaemias brought about by 
various exogenous and endogenous means. 

Dr. A, B. L. Beznak (Birmingham) said : The process of ageing of 
the lipo-proteins in solution is probably a very complex one in which 
changes both in the lipid as well as in the protein moiti^ — followed by 
interactions between the two kinds of altered substances — play a role. 

The first kind of process is exemplified by the work of Annau and 
co-workers * showing that choline catalyzes the respiration of the lipo- 
proteins of Macheboeuf. Fatty acids are believed to be burned as deduced 
from the RQ values. 

In connection with the question whether the oxidation of the fixed 
— SH of the protein is one of the processes causing the ageing or vice 
versa, i.e. the ageing takes place with the appearance of fixed — SH 
groups followed by their subsequent oxidation, some unpublished ob- 
servations — made in 1926 in the London University College — are re- 
called. It was found that egg-white solutions shaken in air or irradiated 
by ultra-violet light absorb 62 at a constant rate in direct proportion to 
the shaking or to the irradiation. These treatments cause turbidity and 
a slight flocculation also proportional to the treatment. The same 
relationships between shaking, ultra-violet irradiation, flocculation and 
formation of — SH groups are found in Nj atmosphere. Egg-white 

* On three preceding papers. 

^ Brit. J. Expt. Path., I939» 20, 473 ; J. Path. Bad., 1941, 53, 105. 

2 Hoppe-Sey let's Zts., 1947, 383, 69. 
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solutions thus treated will take up O^. Accordingly ageing with the 
formation of — SH (catalyzed by shaking or ultra-violet irradiation) 
takes place first and is followed by the oxidation of the — SH group 
previously formed. 

The presence of free choline may influence, therefore, the result of 
the preparation of the lipo-proteins. Have Dr. Edsall and Cohn evidence 
of the presence of choline in their preparations ? 

Dr. G. Popjak (London) said : Oncley, Scatchard and Brown * observed 
that the mol. weight of their ai and jSi lipo-protein preparation as deter- 
mined by the ultracentrifuge was much higher than by osmotic pressure 
measurements. They suggested that this anomaly was due to osmotic 
pressure exerted by the small molecular weight lipids. McCarthy and I 
have shown that the lipids do not exert an osmotic pressure and we think 
that there is another explanation for the anomalous results obtained by 



Fig. I. — Osmotic pressure-concentration curve for ai-lipo-protein (182, N-i, i) 

of Oncley et al. 


osmometry. The osmotic pressure data of Oncley et aL have been plotted 
as shown in Fig. i and 2. These data are quite unusual for a protein. 
Adair and Adair have deduced for osmotic pressure of protein solutions 
at finite protein concentrations the equation 



where tto is the extrapolated value of the ratio pfC to infinite dilution of 
protein and A% a factor equivalent to h in van der Waals' equation. 
is equal to the product of ttq and the slope of the line shown in Fig. 2. 

for the lipo-protein has a large negative value which is quite 
unusual. It is suggested that the explanation of this abnormality is not 
that the lipids exert an osmotic pressure, but that the protein of the 


J. Physiol. Chem., 1947, 5 L 
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tti lipo-protein dissociates into smaller fragments like foetal haemoglobin 
which also gives a negative as observed by McCarthy and Popjak. 

Prof. E. J. Cohn et ah {Harvard) (communicated) : We have, of course, 
noted the unusual characteristics of the a- and ]8-lipo-protein osmotic 
pressure studies as outlined by Dr. Popjak. The suggested explanation 
of a dissociation into smaller fragments like foetal haemoglobin was con- 
sidered, but there was no evidence for such a dissociation in ultracentri- 
fugal studies made concurrently. The observation of considerable leakage 
through collodion membranes impermeable to other scrum protein mole- 
cules would also be difficult to explain. The suggested dissociation of 
lipid molecules from the lipo-protein appears to explain both this leakage 
and the slope of the PJC against C osmotic pressure curves. 

The extent of this dissociation is, however, very small. Something 
of the order of 0*2 % of the total lipid from the / 3 -lipo-protein, and of 1 % 
of that of the a-lipo-protein, would be sufficient to explain the observed 



Fig. 2. — Determination of i/tt^ by exterpolation for lipo-protein of Oncley 
et al. To obtain i jn tlie osmotic pressures shown in Fig. i have been con- 
verted to mm. Hg. 

discrepancy in osmotic pressures. Thus more than 99 % of the lipid is 
very strongly bound to the a- and j 3 -lipo-proteins. Lipid binding by 
proteins of this kind appear to be required in order to explain the osmotic 
pressure effects reported by Popjak and McCarthy in their paper. 

Prof. J. R. Marrack (London) said : The studies of lipo-proteins in 
human serum have a bearing on a problem of chemical pathology. In 
nephrosis the concentration of lipids in the serum is very much increased. 
These lipids are associated with a- and / 3 -globulin. If these lipids form 
complexes with special proteins, as indicated by Prof. MacheboeuPs 
paper, these special proteins also must be increased in nephrosis. It is 
possible that this increase of lipo-protein should be regarded as primarily 
an abnormality of protein metabolism, rather than an abnormality of 
lipid metabolism. 

Dr. O. Hoffmann- Ostenhof (Vienna) said : I want to report some 
experiments which may have some bearing on the question of Prof. Luck's 
paper on the ageing of proteins in serum and organ extracts. Working 
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with protein solutions from various sources, we found that during 
the first 2 days aerobic and strictly anaerobic conditions produced 
exactly the same phenomena of ageing (rise in viscosity, flocculation, etc.). 
Thus, it can be concluded that the SH — groups are probably not involved 
in the ageing process. On longer standing some diflerences between the 
anaerobic and the aerobic experiments were observed, but the results 
proved not to be reproducible. 

Prof. E. J. Cohn et aL (Harvard) (communicated) : The changes which 
we have observed during ageing of solutions of human serum j8-lipo-proteins 
have seemed to involve mainly the lipid moiety. The changes in the lipids 
have appeared to be due to autoxidation, and have been evident on the 
one hand in the gradual bleaching of the visible carotenoid spectrum 
and on the other hand in enhancements of absorption in the ultra-violet. 
Gradual increases in the electrophoretic mobility of the lipo-proteins 
have also been observed. The changes detected in the ultra-violet ab- 
sorption spectrum are progressive, and are similar to those found during 
autoxidation of unsaturated fatty acids and their esters. These have 
been ascribed to the development of conjugated unsaturated ketones 
following initial formation of hydroperoxides. Such changes appear to 
occur in otherwise intact phospholipids and possibly also in the cholesterol 
fraction of the lipids. They have been somewhat retarded by storage 
in the insoluble state or under nitrogen, but we do not expect to be suc- 
cessful in completely avoiding them until contact with air is rigorously 
excluded at all times in preparative methods. Unfortunately, no analysis 
for free choline in these preparations has as yet been made. 

With a-lipo-proteins, very definite solubility changes have been 
observed on ageing, resulting in far lower solubility. Thus the a-lipo- 
protein prepared from the blood which has been collected 72 hr. pre- 
viously — as happened during World War II with blood collected by the 
American Red Cross — was but slightly soluble in o*o66 mole fraction 
ethanol at pH 5*8 and — 5°, whereas all the a-lipo-protein in freshh" 
collected blood is soluble under these conditions.® 

Prof. A. Frey-Wyssling (Zurich) said : It is amazing that two 
mammals (horse and man) have such different lipo-proteins in their 
sera, as indicated by the papers by Chargaff and Edsall. Would it be 
possible to get a better agreement if both sera were investigated simul- 
taneously by the same team, in the same laboratory, and by the same 
methods ? 

Prof. M. Macheboeuf (Paris) said : I have not as yet studied human 
serum sufficiently to be able to answer Prof. Frey-Wyssling's question. 
But I have frequently compared horse serum and dog serum, using pre- 
cisely the same method. The difference between the two sera is con- 
siderable. The same method which gives the C.A. for horse serum leads 
to no comparable fraction for dog serum : nothing more is precipitated 
after the third precipitation at pH 4. 

It is this fact, observed at the beginning of ray work (1929) which 
induced me to concentrate my efforts on horse serum. This took place 
at a time when biochemists were not ready to accept any association 
between lipids and proteins, I wanted to demonstrate this association 
at least in one favourable case, horse serum. I did not even hope to 
isolate an intact lipo-protein, that is to say identical with one of those 
which I suspected to be present in serum. I wanted to obtain a lipo- 
protein even if this should turn out to be an artefact. This would suffice 
to demonstrate the possibility of linkages between proteins and lipids. 
In the last few years the very interesting work of the members present 
, at this Discussion has broadened the problem ; lipo-proteins have now 

^ ^rgstrOm and Holman, Adv. Enzym,, 1948, 8, 425, 

® Cohn, Gurf, Gillespie, Mittelman, Derouaux, Mouton, Liu, Uroma, Lever, 
Kahnt, Barnes, Brown, Schmid and Surgenor, J. Amer. Chem. Soc, (in press). 



GENERAL DISCUSSION 93 

been detected in many biological materials. The time is now ripe to make 
a comparative study of various animal species. 

Prof. A. C. Frazer {Birmingham) said : The existence of fundamental 
difference between lipo-proteins in the sera of different species is also 
indicated by our experiments already referred to by Dr. Elkes on the 
effect of CL welchii lecithinase in guinea pig, rabbit and human lipaemic 
and alipaemic sera. The characteristic Nagler reaction in alipaemic 
sera is only observed in man and the flocculation of chylomicron does 
not occur in the guinea pig, and is seen only with certain types of lipaemia 
in rabbits, but appears to be a constant finding in man. 

Prof. E. J. Cohn et aL {Harvard) {communicated) : Petermann ® has 
shown that j8-lipo-protein reacts with CL welchii lecithinase. The result 
is drastic damage to the lipo-protein molecule. Perhaps this is related 
to the part of the phospholipid which we suppose to be at the surface of 
the lipo-protein molecule.^ 

Gofman, I.indgren and Elliott ® have recently published a method of 
estimating the concentration of the “ low density '' j8-lipo-protein of 
X-protein,” from ultracentrifugal studies of serum in a high density 
solvent. It is interesting that these authors state that such studies 
have demonstrated the presence of such a component in about 6o 
of rabbit sera." 

Prof. J. Murray Luck {Stanford, U.S.A.) said: If the lipid core is 
large enough, such that many protein molecules would be required to 
form the enveloping layer, even spherical molecules might be considered 
capable of associating with the lipid to build up the protein envelope. 
But if we move in the other direction and consider lipid cores of decreasing 
size, we must surely reach the limit of possible envelope formation before 
we come to the i/i ratio of protein to lipid. Even our mathematical 
friends would find it difficult to wrap a prolate ellipsoid around a sphere. 
Do we not, therefore, have to discard the models containing very few 
molecules of protein ? Otherwise we have to assume that the enveloping 
protein opens out and is thus denatured as it wraps itself around the lipid, 
or that the prolate ellipsoid undergoes a curious sort of deformation, 
almost an invagination, which is rather difficult to accept. 

Dr. J. T. Edsall {Harvard) said : I do not know whether we should 
call lipo-proteins conjugated proteins. We do, I think, know at least 
two things about the a- and j 3 -lipo-proteins of human plasma : (i) there 
are lipid-protein complexes which move with fairly uniform velocity in 
sedimentation, diffusion, and electrophoresis ; (ii) these preparations can 
be repeatedly redissolved and reprecipitated by suitable variation in 
pH, ionic strength, ethanol concentration and temperature, without 
significant change in chemical composition or physical properties. 
Whether true covalent bonds between the lipid and the protein moiety 
are involved I do not know ; I do not think that any present evidence 
requires us to assume such bonds. Whether, in view of these circum- 
stances, these substances should be called conjugated proteins is a matter 
of terminology which I shall gladly leave to others. 

I must say that the molecular model suggested by Dr. McFarlane 
strikes me as quite arbitrary. Why, for instance, is the molecular weight 
of the protein component taken as 156,000 ? This is the molecular weight 
of human serum y-globulin, as reported by Oncley, Scatchard and Brown ; 
but there is no reason to assume that this protein portion of the j3-lipo- 
protein has any resemblance to y-globulin. 

A body of experimental facts exists, which points to a molecular 
weight of the order of 1,300,000 for the / 3 -lipo-protein. If the model 
leads to conclusions incompatible with these data, I should prefer to stand 
by the experimental findings and to throw the model overboard. 

« J. Biol. Chem., 1946, 163, 37. 

’ Oncley, Gurd and Melin, J . Amer. Chem. Soc. (in press). 

• J. Biol. Chem., ig^g, 179, 973. 
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Dr. A. S. McFarlane (London) said : In reply to Dr. Edsall, I would 
like to point out that one implication of valency or co-valency bonding 
in a truly conjugated protein is that the substance may bear some 
specific biological property not shown by either of the constituents alone, 
as for example, the respiratory function in haemoglobin. If the a- and 
j 5 -lipo-proteins of the Harvard workers are conjugated in this sense, the 
biologist may proceed hopefully with the search for specific functions 
for them. If the lipid-protein association is merely a loose physical one, 
I would be inclined to take the view that these substances serve only a 
function in relation to the metabolic transport of lipids. 

Dr. J. T. Edsall (Harvard) (communicated) : On my return to the 
United States I found that Dr. Oncley and Dr. Gurd had evolved a picture 
of the / 5 -lipo-protein molecule which has certain points of resemblance 
to that which Dr. McFarlane has suggested here. Since the solubility 
properties of this substance are certainly like those of a protein and not 
at all like those of a typical lipid, Oncley and Gurd favour a model with 
as much as possible of the protein structure on the outside in contact 
with the solvent, and most of the lipid on the inside. However, they 
recognized the same difficulty Dr. McFarlane has pointed out : namely, 
that there are simply not enough amino acid residues in the molecule 
to cover the surface adequately, given the dimensions indicated by the 
sedimentation and viscosity measurements. They suggest that the 
rest of the surface of the molecule may consist primarily of phospholipids 
with their polar groups presumably pointing outward toward the solvent. 
These ideas are more fully developed in a paper by J . L. Oncley, F. R. N. 
Gurd and M, Melin.» 

Prof. F. Haurowitz (Bloomington, Indiana) said : The view that 
phospholipids are not turned over more rapidly than triglycerides is sup- 
ported by our observations on the haemin-catalyzed oxidation of linseed 
oil by molecular oxygen. This oxidation takes place rapidly in hetero- 
geneous emulsions of the oil in water, but is inhibited completely by bile 
acids, or by alkali or organic solvents which bring about homogenization 
of the emulsion. 

Prof. E. G. Wassink (Wageningen) said : I would like to refer to some 
botanical evidence which appears in accordance with Prof. Frazer's sug- 
gestion as to the inhibition of oxidation of lipids in connection with 
proteins. In certain photosynthetic bacteria a complex of bacterio- 
chlorophyll with protein exists. The bacterio-chlorophyll can be ex- 
tracted with organic solvents and in this state it is so susceptible to con- 
versions of obviously oxidative nature, that it can only be handled pro- 
perly in the presence of strong reducing agents, such as, for example, 
HjS. On the other hand, the pigment-protein complex can be obtained 
in aqueous solution, e.g. by grinding the bacterial cells. In this case the 
pigment proves to be quite stable under normal air conditions. 

Dr. O. Hoffmann- Ostenhof (Vienna) said : With reference to Prof, 
Frazer's remarks on the nature of lecithin, I consider that any compound 
should be called a lecithin which agrees in composition and structure 
with that limited by the definition of a lecithin, i.e. a compound in which 
two OH grou])s of the glyceride are esterified with fatty acids of any 
kind and the third combined with a phosphorylated choline. In biological 
media there is certainly no unique particular lecithin, but on the whole 
the mixture is always of a fairly constant composition, when aUowances 
are made for different organs and different species. 

I would like also to ask Prof. Frazer whether there is any evidence 
to show that oxidation occurs on fats and lipids as such without previous 
hydrolysis. The existing gap in our knowledge of the processes taking 
place in the liver could be filled, perhaps, by investigating the possibility 
of the existence of a fat phosphorylating mechanism in this organ. 

•/. Amer. Chem. Soc., January, 1950 (to be published). 

With Schwerin, Enzymologia, 1940/41. 
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Prof, A* C. Fraaer (Birmingham) said : I would agree with Dr. 
Hoffmann-Osterhof's definition of lecithins, but my point was that the 
presence of different fatty acids might profoundly modify the biological 
activity of the compound. Dr. Hoffmann-Ostenhof's statement that in 
biological media there is certainly no unique particular lecithin is not 
quite true. The classical experiments of R. G. Sinclair and of Artom 
and his colleagues showed the incorporation of ingested fatty acids into 
lecithin in the intestinal cells. Clearly the composition of lecithin syn- 
thesized in the intestine may be influenced by variations in dietary fat. 
Lecithin from the liver, on the other hand, seems to have more generalized 
characteristics, particularly the inclusion of long chain (C20 or longer) 
unsaturated fatty acids. It is possible, therefore, that lecithins formed 
in the intestinal cells and those formed in the liver may serve different 
functions in the body. 

With regard to oxidation without previous hydrolysis, I do not know 
of any positive evidence of this. It is strange, however, that while the 
lipolytic esterases of the liver are much more effective against short-chain 
than long-chain glycerides, the material mobilized from the fat depots 
to the liver consists essentially of long-chain glycerides. Studies in fat 
oxidation have been carried out on fatty acids and the question of the 
hydrolysis of the long-chain triglycerides to fatty acid as a preliminary 
to oxidation has been largely neglected. 

Dr. A. Lasnitzki (Birmingham) said : May I ask Prof. Frazer whether 
chylomicrons resembling those observed in the systemic blood are known 
to occur in the interstitial space between the aggregation of fat cells 
constituting a fat depot and the supplying blood capillaries, and whether 
there is any evidence that the small lymphatics and/or veins which drain 
the area of a fat dey^ot may contain chylomicrons of a similar type, par- 
ticularly during fasting. It is obvious that the detection of particulate 
fat in these situations would give considerable suy)y^ort to the theory that 
fat is received by the fat depots, and mobilized from them, essentially 
in the same form in which it is yircsent in lymph and blood. 

Prof. A. G. Frazer (Birmingham) said : Dr. Lasnitzki's question 
raises an interesting point. It is, generally speaking, true to say that 
negatively charged particulate material tends to pass into lymphatics 
rather than into blood vessels anywhere in the body. Thus, the injection 
of particulate dyes into the tissues is used as a means of demonstrating 
lymphatics. The intestinal villus is no exceyffion to this general rule 
and particulate material passes mainly into the lacteals, while water- 
soluble material tends to y 3 ass up the portal vein. However, particulate 
fat appears to pass out of blood vessels into macrophages. Fat is mobil- 
ized from the fat depots probably in particulate form and one would expect, 
therefore, that it would pass into the lymphatics draining the fat depot 
rather than into the capillaries and veins. Mobilized fat would thus 
enter the blood stream in the same way as absorbed particulate fat, as 
an intravenous injection '' via the thoracic duct. We have made some 
observations on lipaemia in starvation which arc in accord with this 
conception, but systematic investigation of the whole problem is necessary 
before any conclusions can be reached. Of course, only a part of the 
fat in the fat depots is derived from blood fat — a considerable amount 
may be formed from carbohydrate. 

Prof. A. B. L. Beznak (Birmingham) said : Regarding the mode of 
the passage of the chylomicrons from the blood into the parenchymal 
cells, histological evidence indicates as first step the activity of the fixed 
phagocytes (Kupfer cells) in the capillary endothelium. 

The lungs are known to be the first to store the chylomicrons. Dietary 
fat is very quickly deposited also in the perirenal and mesenteric fat 
depots, as has been shown by Beznak and Hasch.^^ 


Quart, J, ExpU Physiol., 1937, ^>7, i. 
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A simple class-room experiment indicates the structure of the chylo- 
micron. The fat obtained from the lymph is pressed out of a capillary 
tube dipped into the l5ntnph previously defatted by centrifugation. Each 
droplet will be coated by a layer of protein and rises to the surface. If 
ether is poured on the surface it dissolves the fat. The coating is pre- 
cipitated on the lymph-ether boundary surface and consists of proteins 
and Ca soap. 

Dr, J, Elkes (Birmingham) said : A possible means of studying fat 
transport and deposition may be provided by the use of finely divided 
artificial emulsions. These can be prepared in vitro relatively easily, 
and a particularly helpful feature is that by choice of suitable materials 
the “ core *’ and the stabilizing film of the emulsion particle can be varied 
independently. The role played by each in determining the ultimate 
fate of the particle could thus conceivably be studied. In connection 
with work on the possible use of fat in intravenous alimentation we have 
recently prepared some 70 such emulsions. Plasma protein and plasma 
protein fractions, despeciated bovine serum and a carbohydrate, dextran, 
were used as stabilizers. Animal and plant phosphatides and cholesterol 
provided other variables. An interesting feature was the emulsifying 
power of human freeze-dried whole plasma, unaided by any other com- 
ponent. Emulsions of particle size ^ to i /z were obtained. In terms of 
flocculation pattern and electrophoretic mobility over a pH range these 
emulsions closely resembled the natural chylomicron, and provided the 
protein was used in concentrations not exceeding those necessary to give 
a coherent monolayer around each particle, these emulsions were found 
to be heat-stable. When injected intravenously in doses of 1 ml. per 
100 g. body weight into rats they disappeared from the circulation within 
30 to 40 min. and unlike the findings with incompatible emulsions (i.e. 
of the type flocculated by serum proteins), no fat embolism was seen. 
Emulsions prepared with purified brain or cord phosphatides were toler- 
ated equally well in acute experiment. These studies arc being continued, 
and it is hoped that isotope techniques may prove particularly useful 
here. 

Prof. A. G. Frazer (Birmingham) said : The importance of the lungs 
in relation to fat metabolism and fat deposition is difficult to assess. As 
Prof. Beznak says, there is an accumulation of fat in the lungs following 
fat absorption. We examined the lungs of human subjects who were 
killed during the war some hours after an evening meal — ^the amount of 
fat in the lungs was usually 10-20 % of the dry weight, whereas the control 
lungs contained only 1-2 %. This, however, may only be a temporary 
mechanical effect. The rate 6f removal of fat from the circulation is 
very rapid and marked differences in particulate fat content have been 
demonstrated by us between arterial, capillary and venous blood collected 
simultaneously from the same area. 

I am inclined to doubt whether the simple class experiment described 
by Prof. Beznak really indicates the structure of the chylomicron. Par- 
ticulate fat is protein stabilized in the chyle and in the blood, but the 
particles behave in a fundamentally different way in electrophoresis, 
protein precipitation, or in the presence of lecithinase. Artificial emul- 
sions consisting of particles stabilized with proteins and soaps behave 
very differently from chylomicrons when they are introduced into the 
blood stream. 

Mr. W, D. Brown (Birmingham) said : Some observations of Hahn 
suggest that heparin can cause in a matter of minutes a marked decrease 
in the amount of particulate fat in lipaemic blood. In addition, Weld 
claims that this effect is not associated with a change in total blood 
fatty acid content. Data of my own confirms this, although as yet 
these effects have not been obtained in vitro. In view of the very rapid 
decrease in particle size after in vivo heparin treatment, is the con- 
ventional view of the chylomicron as a globule of neutral fat surrounded 
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by a thin film of protein adequate ? Is it possible to conceive of the 
particle as a more complex protein lipid aggregate ? 

Dr. H. L. BooiJ (Leiden) said : Bungenberg dc Jong has shown that 
if you mix lecithin and a sulphate colloid (e.g. carrageen) no interaction 
takes place, except in the presence of cations, e.g. CaClg produces a 
strong flocculation in the concentration range o*oo5-o-5 mole /I. If we 
now assume that the chylomicron is a labile structure of fat, phospholipid 
and protein, it might be possible that heparin (through its sulphate 
groups) combines with the phosphatide in the presence of Ca^+ ions, 
resulting in a disruption of the structure. The discrepancy between 
the experiments in vivo and in vitro might be due to the fact that the 
latter experiments were carried out in the absence of Ca salts. 


THE POSSIBLE INFLUENCE OF LIPIDS ON THE 
OSMOTIC PRESSURE OF SERUM PROTEINS 


By G. Popjak and E. F. McCarthy 
Received 20th May^ I949 

Osmotic pressure measurements were carried out on (a) normal, (6) lipaemic 
rabbit sera, before and after extraction of lipids, (c) normal human serum, and 
(d) lipaemic sera of patients with subacute nephritis of the nephrotic type. 
It is shown that the lipids in sera do not exert detectable osmotic pressure. 
The volume occupied by the lipids in the serum, however, reduces the volume 
of solvent available to the proteins and thus increases the osmotically-effective 
concentration of the latter. Therefore it is impossible to assess correctly the 
colloid osmotic pressure of lipaemic sera unless the protein concentrations are 
expressed as g. per loo ml. of solvent. 

The specific volume of unfractionated rabbit and human serum proteins 
(without water of hydration) was found to be 0*729 and 0*731 respectively, 
and that of serum lipids 0*996 cm.® 


Some investigators (Macheboeuf/ Macheboeuf and Sandor,^ Fish- 
berg,® Rabinowitch have claimed that serum lipids exert an osmotic 
pressure. In our first investigation ® we found that the lipids in normal 
human serum do not exert an osmotic pressure. In view, however, 
of Macheboeuf’s report that lipo-protein complexes prepared from 
lipaemic sera of human patients suffering from lipoid nephrosis (sub- 
acute nephritis of the nephrotic type) show considerably higher osmotic 
pressures per gram protein than the albumin of the same sera, we de- 
cided to examine human pathological and experimentally induced 
lipaemic sera. The results of our experiments have been reported in 
detail.® 

We have shown that the lipids themselves do not exert an osmotic 
pressure. The volume occupied by the lipids in the serum, however, 
reduces the volume of solvent available to the proteins and thus in- 
creases the effective concentration of the latter. Hence if the osmotic 

^Macheboeuf, Bull. Soc. Chim. hiol., 1929, ii, 485. 

* Macheboeuf and Sandor, ibid., 1931, 13, 745, 

® Fishberg, J. Biol. Chem., 1929, 81, 205. 

* Rabinowitch, Arch, intern. Med., 1930, 46, 752. 

® Popjdk and McCarthy, Biochem, 1943, 37, 702, 

® Biochem. J ., 1946, 40, 789. 
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pressure of a lipaemic serum is compared, at finite protein concentrations, 
with the osmotic pressure of a non-lipaemic serum with the same protein 
composition, i.e. with the same protein concentration per lOO ml. of 
serum and the same albumin-globulin ratio, the lipaemic serum would 
exert a higher osmotic pressure, merely because the effective con- 
centration of protein is increased. Therefore it is impossible to assess 
correctly the colloid osmotic pressure of lipaemic sera unless the protein 
concentrations are expressed as g. per 100 ml. of solvent. 

Our conclusions are based on the study of {a) normal, ip) lipaemic 
rabbit sera, before and after extraction of lipids, {c) normal human 
serum, and {d) lipaemic sera of patients with subacute nephritis of the 
nephrotic type. 

Experimental 

Production of Lipaemla In Rabbits. — This was done by feeding 
amorphous cholesterol (i g. per day) without fat in a watery suspension. 
It was shown (Popj 4 k ’) that this method produces a marked increase 
in all the lipid fractions of the blood plasma, the lipaemia often reaching 
a level of 2,000-3,000 mg. per 100 ml. of plasma. The lipaemic sera, 
when in sufficient quantity, were investigated individually ; otherwise 
the sera of two or more rabbits were pooled. 

Human Serum. — Normal human serum was obtained from 10 healthy 
male medical students, equal volumes from each being pooled. Human 
lipaemic sera were obtained from three patients who suffered — according 
to all clinical and laboratory diagnostic measures — ^from subacute nephritis 
of the nephrotic type. 

Osmotic Pressure Measurements were made at o® by the method of 
Adair® using M/15 phosphate buffer (pH 6*8) and collodion sacs of such 
permeability that at a pressure of 480 mm. Hg the rate of filtration of 
water through the membranes was 0'00i5-0'0030 ml. cm.""* min.“"^ 
Membranes with 30-35 cm.® total surface area were used. The osmotic 
pressures were measured in mm. of the protein solutions and were cal- 
culated as mm. Hg after determination of the densities of the solutions 
by pyknometry at o®. Corrections for capillarity forces were made. 

Protein Concentration was measured by determination of nitrogen 
by a micro-Kjeldahl method. For the determination of albumin- 
globulin ratios the globulins were precipitated by saturation with MgS04 
and the albumin-N determined on the clear filtrate. 

Although the MgS04 method is tedious, we have shown ® by electro- 
phoretic examination of the MgS04 filtrate and of the precipitated globulins 
that this method achieves a practically clean-cut separation of serum 
proteins into albumin and globulins, both in normal and lipaemic sera. 

Total protein concentration C in g. per 100 ml. solution was obtained 
by the formula 

C = (6-41 + 0-2 X ^ protein-N. 

assuming 15-6 % N content for albumin and 15*13 % for globulins (Adair 
and Robinson ). Corrections for phospholipid-N were made, i*8 % 
being taken as the mean N content of phospholipids. 

Lipid Analyses were carried out as described previously (Popjdk®). 
The lipid contents of the sera are shown in the Tables as mg. per g. total 
protein ; this method of presentation was chosen instead of the customary 
g. per 100 ml. because it allows the calculation of the lipid content, from 
the protein concentration, of all the serum-dilutions used in the osmometry. 

’ Popjdk, Biochem, 1946, 40, 608. 

® Adair, Pfoc, Roy. Soc. A, 1925, 108, 627. 

® Popjdk and McCarthy, Biochem. J., 1946, 40, 789. 

1® Adair and Robinson, ibid.» 1930, 24, 993. 
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Results 

Table I shows the lipid content of the normal and of the lipaemic 
rabbit sera used for osmotic pressure measurement. It can be seen that 

TABLE I — Lipid Content of Normal Rabbit Serum and Lipaemic Rabbit 
, Sera, No. i and 2 used for Measurement of Osmotic Pressures 



Nonnal Serum ^ 

Lipaemic Serum 
No. i» 

Lipaemic Serum 
No. a 8 


(Mg 

/g. Total Serum Protein) 

Neutral fat ... . 

8-5 

43*5 

119*0 

Phospholipids .... 

12*9 

65*0 

78-5 

Cholesterol{*®®j. ; ; ; 

2-4 

8-9 

46*0 

ii8-o 

58-5 

I29'0 

Fatty acids of cholesteryl esters . 

6-4 

85-0 

93*0 

Total lipid .... 

39-0 

346-0 

479-0 


^ Pooled serum of three normal rabbits. 

® Pooled serum of two cholesterol-fed rabbits (Ch. 5 and 6). 
* Serum of cholesterol-fed rabbit (Ch. 3). 



Fig. i , — Relationship between protein concentration and osmotic pressure 
of (IJ normal, (II) and (III) lipaemic rabbit sera No. i and 2 respectively. The 
contmuous curves have been calculated by the equation p = IIqCKi — alJ^C), 
where a = the slope of the corresponding straight lines in Fig. 2. 

O Observed Values for nornial ; A and V for lipaemic rabbit sera 

No. I and 2 

cholesterol-feeding produced great increase in all the lipid fractions of 
the serum and it would seem, therefore, that if any of the serum lipids 
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exert an osmotic pressure or influence the colloid osmotic properties of 
the proteins, such eflects should be detectable with these sera. 

In Fig. I the osmotic pressures of the 3 sera are plotted against protein 
concentration, from which it can be seen that the lipaemic sera (curves 
II and III) exerted a lower osmotic pressure per g. of protein than did 
the normal serum (curve I). 

The observed osmotic pressure p of an unfractionated serum may be 
written 

P ^ Pa Pa Pi (l) 

where and pg are the partial pressures due to albumin and globulins 
respectively, and pi the ion pressure difference due to the excess of ions 
within the membrane (cf. Adair and Robinson In order to eliminate 
the effects of pi, the comparison of the osmotic effects of different sera 
has to be made at infinite dilution of protein. This can be effected 
by determination of TIq by extrapolation ; /Tq being the limiting value 
of the ratio osmotic pressure /concentration (pjc = FI) in an infinitely 
dilute solution. Fig. 2 shows the determination of i/iTo for the above 



Fig. 2. — Relationship between protein concentration and i//I(=: Cfp), 

O Observed values for normal ; A and V for lipaemic rabbit sera No. i and 2 
respectively. The straight lines represent the equations : 

(I) i/i7 — 0*467 — 0-0238C 
(II) ifn — 0*507 — o*o25oC 
and (III) i/iJ = 0*550 — 0-0275C. 


3 sera. The value of Uq for the normal serum (curve I) was found to be 
2*14, and for lipaemic sera (i) and (2), 1*97 and 1*82 respectively. The 
lipaemic sera, therefore, exerted a lower osmotic pressure than the normal 
serum. 

Evidence on the question whether the observed differences in the 
osmotic pressures of the sera were due to their different lipid contents 
or xo their different albumin-globulin ratios, may be obtained from the 
evaluation of the theoretical value of Uq, 

At infinite dilution the osmotic pressure of the serum may be expressed 
by 



RT 

XOC.+— loC.. 


Adair and Robinson, Biochem. J., 1930, 34, 1864. 


( 2 ) 
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where C* and C, are the concentrations of albumin and globulins of the 
serum in g. per loo ml. of solution ; and Mg the molecular weights of 
albumin and globulins respectively. If it be assumed that Mg = 69,000 
and Mg = 150,000, the value of theoretical / 7 o at 0° is obtained from 
eqn. (3) : 

i 7 o = 2-464 + I-I 33 (1 - X,), . . . (3) 


where Xg 


g. albumin 
g. total protein* 


and hence (i — Xg) — 


g. globulins 
g. total protein’ 


For the normal serum Xg was found to be 0*675, and for lipaemic sera 
(r) and (2) 0*611 and 0*520 respectively. The theoretical values of Ilg 
for the 3 sera are therefore 2*031 (normal), 1*945 (lipaemic No. i), and 
1*824 (lipaemic No. 2), showing very good agreement with the observed 
values. It may be concluded, therefore, that the lower osmotic effects 
of the lipaemic sera were due to their higher globulin content as com- 
pared with the normal serum. It was found that prolonged cholesterol 
feeding to rabbits produced regularly a decrease in serum albumin and 
an increase in globulins. 

Osmotic Pressures of Lipaemic Rabbit Serum before and after Ex- 
traction of Lipids, — In order to obtain a definite evidence whether or not 
the lipids in serum exert an osmotic pressure, we investigated the colloid 
osmotic properties of a lipaemic rabbit serum before and after extraction 
of the lipids by the method of McFarlane.^® 

Table II records the lipid content of the lipaemic serum used for this 
experiment before and after extraction of the lipids. This shows that 


TABLE II. — Lipid Content of Pooled Lipaemic Rabbit Serum No. 3 

BEFORE AND AFTER “ DEFATTING " 



Before 
* Defatting ' 

After 

* Defatting ’ 

(Mg./g. Total Serum Protein) 

Neutral fat ....... 

28 j 

0*65 

Phospholipids ...... 

112 

59*00 

Cholesterol ...... 

85 

None 

\ ester 

253 1 

1*50 

Fatty acids of cholesteryl esters 

182 

0*98 

Total lipid ....... 

660 

62*00 


about 9 /ioths of the lipid were extracted ; most of the remaining i/ioth 
is accounted for by phospholipids of which only one-half was removed. 
This serum had the highest lipid content among the sera investigated 
(4*^7 8 * per 100 ml. of the unextracted serum). 

Fig. 3 shows the osmotic pressure-concentration curves and Fig. 4 
the determination of Uq for this serum before and after defatting ’* 
(continuous lines). It is evident that the serum in its lipaemic state 
exerted a higher osmotic pressure at finite protein concentrations than 
after extraction. On the other hand, the extrapolated value of i/i7o, 
and hence the mean molecular weight of the osmotically active substances 
in the serum was the same before and after extraction. The observed 
value of Ug was 1*923 (mean mol. wt. 88,500) and its theoretical value 
^’^73 (^a — 0*556 before and after extraction). 

From the inspection of the continuous curves of Fig. 3 and 4 it is ap- 
parent, however, that from the point of view of osmotic effect at high pro- 
tein concentrations there is a difference between a lipaemic and relatively 

Popjdk, (unpublished observations). 

18 McFarlane, Nature, Lend., 1942, 149, 439. 
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“ fat-free " serum. We were able to show that this difference is due to 
the fact that in lipaemic sera the lipids occupy a considerable volume 
and thus reduce the solvent available to the proteins, with the result 
that the effective concentration of proteins is higher in the lipaemic 
than in the fat-free " serum. When the corrections for volume occupied 
by proteins and lipids in the solution are made and protein concentrations 
are expressed as g. per loo ml. of solvent, instead of g. per loo ml. of 
solution, the difference between the osmotic pressure-concentration curves 
of lipaemic serum No. 3 before and after extraction is completely eliminated. 

The partial specific volumes of unfractionated serum proteins and 
lipids were determined on highly concentrated sera. We found the specific 
volume of rabbit and human serum proteins (without water of hydration) 



Fig. 3. — Relationship between protein concentration and osmotic pressure 
of lipaemic rabbit serum No. 3 before (O and #) and after (A and i^) ** de- 
fatting . Protein concentration is expressed as g. dry protein/ioo ml. of 
solution (C) for O and A» and as g. dry protein/ioo ml. of solvent (C,) for # 
and A* The data for the continuous curves have been calculated by the 
equation p — U^CKi — aUoC), and for the interrupted curve by 

P' = i7oC./(i - a'iloCJ, 

where a and a' are the slopes of the corresponding straight lines in Fig. 4. 


to be 0*729 and 0*731 respectively, and that of serum lipids 0*996 cm.® 

Thus the volume occupied by i g. of dry protein x g. lipids per g. protein 
in the normal rabbit serum was 0*767, in lipaemic sera No. i and 2 
1*074 3Jad I *206, and in lipaemic serum No. 3 before and after ** defatting 
1*386 and 0*791 ml. respectively. The corrected concentration of the 
proteins, (g. protein per 100 ml. of solvent) may be calculated by 


C. = C X ; 7, 

100 + VpiC 


(4) 


It can be seen from Fig. 3 (interrupted curve) that when the observed 
osmotic pressures of lipaemic serum No. 3, before and after defatting ", 
are plotted against the points fall within experimental error on a single 
curve. Similarly the values of i/iJ^ = C^fp plotted against C, are on 
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the same straight line (see Fig. 4, interrupted line), which can be expressed 
by the equation 

1//7* 0-520 — 0-0213 

It follows that 17 ^ (the limiting value of 77 * when -> o) is equal to 
1*923 = 77 o. 



Fig. 4, — Relationship between protein concentration, C and C^, and i /i7( == C//>) 
and i/ 77 <,(= C^jp) for lipaemic rabbit serum No. 3 before (O and #) and after 
(A and A) ** defatting O and A, i//7 plotted against C ; # and A. i/ 77 , 
plotted against C^. The straight lines represent the equations : 

(I) 1/77 = 0-520 — 0*02840 
(II) 1/77 = 0*520 — 0*02550 
and (III) 1 / 77 ^ = 0*520 — 0*02120^. 

Osmotic Pressure Measurements on Normal and Nephrotic Human 
Serum. — We have investigated a pooled sample of normal human serum 
and 3 sera obtained from patients suffering from subacute nephritis of 
the nephrotic type. The results obtained with one of the pathological 

TABLE III. — Lipid Content of Human Sera Used for Osmotic Pressure 

Meas urements 


Neutral fat , 

Phospholipids 

Cholesterol/^^!® • 

\ ester . 

Fatty acids of cholesteryl esters 
Total lipid .... 


Nonnal 

Serum 

Nephrotic 

Serum 

(Mg./g. Total Serum Protein) 

19*5 

77-0 

33*0 

70*0 

5-3 

23*5 

20*0 

48-5 

14*4 

34*9 

92*0 

244-0 


sera only are recorded here, these being typical of the others. The lipid 
contents of the normal and nephrotic serum are shown in Table III. 

The essential data are presented in Fig. 5 and 6 from which it can be 
seen that the nephrotic serum exerted a much lower osmotic pressure 
than the normal serum ; the extrapolated value of 77 o for the former 
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being 1*515 and for the latter 2*020. The albumin content of the nephrotic 
serum was 32*3 % of the total proteins (X^ — 0*323), and that of the 
normal serum 68*50 % {X^ = 0*685). The theoretical value of 77 o, 
calculated by formula (3) is 1*567 for the nephrotic serum and 2*05 for 
the normal serum. 

We could not find, therefore, that nephrotic sera exert a higher 
osmotic pressure than do normal sera. In fact the observed osmotic 
pressures were what one would anticipate from the low albumin content 
of nephrotic sera. 



Fig. 5. — Relationship between protein concentration and osmotic pressure 
for normal (Q and %) and nephrotic (A and A) human sera. O and A» ob- 
served osmotic pressures plotted against C ; # and A> observed osmotic 

pressures plotted against C^. The data for the continuous curves have been 
calculated by the equation p = — alJoC) and for the interrupted ones by 

P' = 77oC,/(i - a'/7oC,). 

Discussion 

We believe that our results prove conclusively that the lipids do 
not exert an osmotic pressure. Our experimental sera contained, 
moreover, quantities of lipids that are rarely met with in man under 
pathological conditions. 

It is difficult to reconcile our results with those of previous in- 
vestigators. The discrepancies might be due to technical differences 
of osmotic pressure measurement. For example, Macheboeuf, Mache- 
boeuf and Sandor did not really measure osmotic pressure, but only the 
degree of dilution of sera during dialysis. Obviously such a dilution 
would be influenced by a number of factors other than osmotic effects 
due to proteins. The comparison of the osmotic pressures between 
normal and lipaemic sera were made by Fishberg ® and Rabinowitch * 




G. POPJAK AND E. F. McCARTHY 105 

at high protein concentrations only. Such a comparison might be 
misleading owing to the ion pressure difference (cf . Adair and Robinson^^). 
It seems likely, however, that the higher osmotic effects of lipaemic 
sera reported by Fishberg and by Rabinowitch were due to the “ volume 
effect ” of the lipids which we observed. In a letter written to us 
Dr. Rabinowitch accepted this explanation and therefore we infer 
that he has withdrawn the claim that cholesterol exerts an osmotic 
pressure. 

In a recent publication Oncley, Scatchard and Brown, in order 
to explain certain anomalous results with an a^- and jS^-lipo-protein, 



Fig. 6. — Relationship between protein concentration, C and and i // 7 ( = CjP) 
and Cjp) for normal (O #) and nephrotic (A and A) human 

sera, Q and A • plotted against C ; • and A : plotted against 

C^. The straight lines represent the equations : 

(I) 1/77 = 0*495 — 00280C 
(la) I //7« = 0*495 — o*o 236 c^ 

(II) 1/77 = o* 66 o — 0*03040 

and (Ila) i/ 77 , = o*66o - o*0238C„. 


assumed that lipids exert an osmotic pressure. They obtained a lower 
molecular weight for these two lipo-proteins by osmotic pressure 
measurements than by the ultracentrifuge, and have made the assump- 
tion that the higher osmotic pressures were probably due to lipids in 
equilibrium with the lipo-protein. We have examined the osmotic 
pressure data of Onclcy et aL and conclude that the anomalous results 
are not due to osmotic pressure exerted by the lipids, but to a marked 
dissociation of the protein into smaller units. 

We think it justifiable to conclude further that the lipids in serum 
are only in a loose combination (physical adsorption ?) with the 

Oncley, Scatchard and Brown, J. Physic, Chem , 1947, 51, 184. 

D ♦ 
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proteins. McFarlane’s method of shaking the protein solution with ether 
and then freezing to below — 25® eflFects an almost complete extraction 
of lipids without denaturing the proteins and it does not appear likely 
that such a method could break a firmer, chemical bond. We would 
like to suggest that before a claim is made that lipids associated with 
proteins exert an osmotic pressure, a comparison should be made be- 
tween the osmotic pressure of the “ lipo-protein before and after 
extraction of lipids and also the “ volume effect ’* of lipids that we 
have described should be considered. These precautions would avoid 
any ambiguity in interpretation of results and may serve to clarify 
the definition of “ lipo-proteins **. 

National Institute for Medical Research^ 
and 

The Lister Institute, London, 


GENERAL DISCUSSION* 

Prof. M . Macheboeuf {Paris) said : I have never spoken of the osmotic 
pressure of whole serum, but only of the osmotic pressure of serum 
albumins. The experimental results of Dr. Popjak and Dr. McCarthy 
are in complete agreement with ours. We have not spoken of /7o. which 
is a property of extremely dilute solutions, but of pressures measured at 
concentrations close to those encountered under physiological conditions. 
Under these conditions lipids have a marked effect upon the osmotic 
pressure of albumins, as we have shown. Dr. Popjak and Dr. McCarthy 
have confirmed our measurements, and have put forward an explanation 
for the observation we made. Their work indicates that the lipids may 
act indirectly due to their volume. This interpretation is very interesting. 

Dr. A. S. McFarlane {London) said : One implication of the osmotic 
inactivity of the plasma lipids must surely be that the molecular or 
micellar size of the lipo-proteins must be very small, incorporating not 
more than a few protein molecules in each particle. If larger numbers 
are involved, a reduction in the number of osmotically effective protein 
molecules in the plasma should become apparent. 

* On preceding paper. 


LIPO-PROTEINS IN THE PRECIPITIN REACTION 

THE EFFECT OF NINHYDRIN 


By F. Tayeau, F. Faure,* E. Neuzil and R. Pautrizel 
Received 2 nd June, 1949 

Precipitating immune sera lose their flocculating properties when deprived 
of their lipids. Cholesterol does not play any part in the flocculating properties. 
The precipitating ability of fat-free immune rabbit serum is restored by treat- 
ment with ninhydrin at low concentration. This does not occur with horse 
immune serum. A physico-chemical interpretation of this phenomenon is 
presented. 

* Stagiaire de recherches au Centre National de la Recherche Scientifique. 
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The lipids of lipo-proteins of immune sera play an important part 
in the specific precipitin reaction. Most immune sera, treated by a 
technique which removes the lipids but does not denature proteins,^ 
retain their ability to combine with the corresponding antigens (first 
stage of antigen-antibody reaction), but lose their flocculating properties 
(second stage). ® 

The Different Lipid Fractions in the Specific Precipitin 
Reaction. — Do the various lipids associated with the antibody play 
the same part in the flocculating property ? By means of a technique 
described by one of us,^ it is possible to remove cholesterol from serum 
quantitatively and specifically without removing the other lipids from 
proteins. Using this technique, we have been able to show that 
cholesterol does not interfere with the precipitating properties of the 
immune sera.®» ® Among blood lipids, phospholipids are probably the 
lipid fraction necessary for the formation of precipitates. It is inter- 
esting to compare this conclusion with those of Horsfall and Goodner.'^ 
These authors have shown that antipneumococcus horse or rabbit 
sera lose their precipitating properties when fat-free, and recover them 
when phospholipids are added. 

This last observation should not be extended to all precipitating 
systems ; we have shown that a fat-free diphtheria antitoxin does not 
recover its flocculating properties even if wc fix lecithin on to the 
antitoxin again by the technique of Hofer.® The nature of the lipid- 
protein binding is therefore important. 

What is the mechanism by which phospholipids facilitate precipita- 
tion ? Phospholipids decrease the solubility of antibody proteins 
and therefore increase their precipitation probably owing to their 
hydrophobic groupings brought about by polymethylenic non-polar 
chains of their fatty acids. In the same way, the water-insoluble serum 
euglobulins become soluble when fat-free ^ or simply when phosphatide- 
free.^® The insolubility of the specific precipitate therefore would be 
a physico-chemical phenomenon. 

The Effect of Ninhydrin on Precipitating Rabbit Sera. — If 

this hypothesis is right, it should be possible to restore the flocculating 
properties of a fat-free precipitating serum by a modification of the 
solubility of its antibodies. For this purpose, we require a reagent 
which does not denature the antibody-protein too much, and which 
does not alter its specific determinants. 

Different reagents, such as ketene and formol,^^» have been 
investigated. These reagents block up the NHg groups of proteins, 
but they considerably delay the specific precipitation, as they injure 

^ Hardy and Gardiner, J. Physiol., 1910, 40, 5^- 

* Hartley, Bril, J, Expt. Pathol., 1925, 6, 180. 

® LinderstrOin-Lang and Schmidt, Compt, rend. Carlsberg, 1930, 18, i. 

* Tayeau, Compt. rend., 1941, 3I2, 575. 

* Tayeau and Neuzil, Compt. rend. Soc. Biol., 1946, 140, 509. 

* Tayeau, Neuzil and Pautrizel, ibid., I947, * 4 *» iQi- 

’ Horsfall and Goodner, J. Expt. Med., i955» <>2, 485, and J. Immunol.^ 

1936.31, 135. 

® Pautrizel, Recherches sur la genise et la reactivite des anticorps (Drouillard, 
Bordeaux, 1948), p. 99. 

® Macheboeuf and Tayeau, Compt. rend, Soc. Biol., 1938, 139, 1181. 

Tayeau, Bull. Soc. Chim. biol., 1944, 293. 

Sandor and C^ldie, Compt. rend. Soc. Biol., 1937, 295. 

** Loiseleur, ibid., 1942, 136, 435. 

Neuzil and Pautrizel, ibid., 1947, 14 1, 186 and 188. 
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the immunological determinants. Ninhydrin does not show the same 
disadvantage. 

Immunological research on this reagent has already been carried 
out. Duliire^® studied the changes brought about by ninhydrin on 
antigenic proteins. Recently, Eggerth has not only pointed out the 
chemical modifications, but also the physical modifications of nin- 
hydrinized proteins. Furthermore, he showed that the titre of certain 
agglutinins was increased when they were treated with small quantities 
of this product. 

In former researches,^ we proved that if we carry out the ninhydriz- 
ation of a precipitating immune rabbit serum in such a way that no 
precipitation of any protein fraction occurs (O'l % at 37° during half 
an hour), its rate of flocculation is considerably increased. 

Besides, ninhydrin at low concentration decreases the solubility 
of rabbit antibody protein. As the titre of the antibody remains the 
same though the rate of flocculation is increased, we assume that nin- 
hydrin at the previous concentration does not injure sensibly the 
“ determinant groupings As we noticed that ninhydrin is able to 
change the solubility of a fat-free antibody protein, we then wondered 
whether a ninhydrinized fat-free antibody protein recovers its lost 
flocculating ability. 

The flocculating experiments were carried out by means of the 
oc-titration with the following mixtures : 

{a) Rabbit anti-horse serum, horse serum (standard). 

(b) Fat-free rabbit anti-horse serum, fat-free horse serum. 

(c) Fat-free rabbit anti-horse serum treated with ninhydrin, fat-free 
horse serum. 

The following results were observed : 

(a) Flocculation at the optimal proportion point in 48 min. 

{b) No flocculation. 

{c) Flocculation at the same optimal proportion point in 15 min. 

Many identical experiments performed with sera from different rabbits 
gave the same results. 

This phenomenon is really a specific precipitation, for if we use a 
ninhydrinized non-immune fat-free serum instead of a ninhydrinized 
immune fat-free serum, no flocculation occurs. These experiments 
therefore show that ninhydrin at a concentration of 0*i % is able to 
restore the flocculating property to a fat-free immune rabbit serum 
without shifting the antibody titre. 

In the former experiments, the antigen (horse serum) was, in fact, 
a complex mixture. A new series of experiments have been performed 
with different purified antigens, still using rabbit serum as the anti- 
body. The results given by this new series of experiments (Table I) 
agree with our previous conclusion. 

All these experiments agree with our first results and show that nin- 
hydrin is able to restore the flocculating property to a fat-free rabbit 
immune serum. 

Schwartz, Z. physiol, Chem,, 1900, 31, 460. 

Maseru and Herbain, Bull, Soc. Chitn, hiol,, 1930, iz, 978. 

Duli^re, Compt. rend. Soc. Biol,, 1938, 127, 112%, 

Eggerth, J, Immunol., 1941, 4a, 199 ; 1942, 45, 303. 

Tayeau, Faure, Neuzil and Pautrizel, Compt, rend, (in press). 

Dean and Weeb, J, Path, Boot,, 1926, 29, 473. 
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Rabbit anti-ovalbumin and rabbit anti-horse serum-albumin sera 
behave in a somewhat different way, for when fat-free, they do not 
lose completely their flocculating ability ; however, the velocity of 
precipitate formation is considerably delayed. Ninhydrin, reacting 
with those two fat-free sera, considerably hastens the rate of flocculation. 

Due to the fact that ninhydrinized immune proteins recovered their 
specificity and their precipitating titre, we furthermore show that the 
technique of Hardy and Gardiner ^ (used in these experiments for taking 
away lipids from the sera) does not injure the determinant groupings 
of the precipitins. 


TABLE I 



Flocculation Time at the Optimal Proportion Point 


Diphtheria 

Toxin 

(/5-titration) 

Sheep 

Pseudo-globulin 

(a-titration) 

Ovalbumin 

(a-titration) 

Horse Serum 
Albumin 
(d(-titratioD) 

Antigen, antibody 
(standard) 

2 hr. 

j 

10 min. 

I hr. 

8 min. 

Fat-free antigen, 
fat-free antibody 

No 

flocculation 

No 

flocculation 

5 hr. 

50 min. 

Fat-free antigen, 
fat-free ninhy- 
drinized antibody 

10 hr. 

14 min. 

i 

2 hr. 

5 min. 


The Effect of Ninhydrin on Horse Immune Serum. — Is it 

possible to extend this property to all the immune sera, regardless of 
their origin ? We carried out experiments on horse immune serum by 
means of jS-titration,^*^ with the following mixtures : 

[a) Horse antidiphtheria serum, diphtheria toxin. 

{b) Fat-free horse antidiphtheria serum, diphtheria toxin. 

{c) Fat-free horse antidiphtheria serum treated by ninhydrin, 
diphtheria toxin. 

The following results have been observed : 

(a) Flocculation in the optimal proportion point in 37 min. 

(^) No flocculation ; cloudiness after 24 hr. 

(c) No flocculation ; no cloudiness. 

A new series of experiments performed with antidiphtheria and anti- 
tetanus sera from different horses gave similar results. 

This result is not surprising, as our previous work showed that 
ninhydration delayed the velocity of flocculation of horse antidiphtheria 
serum — diphtheria toxin system. Let us recall here that ninhydrin, 
on the contrary, accelerates the rate of flocculation of the rabbit anti- 
diphtheria system. 

As we noticed that the concentration of ninhydrin played an 
essential part on the flocculating properties of the rabbit immune serum, 
we tried a new series of experiments in horse immune serum with 
varying amounts of ninhydrin. In no case were we able to give back 
the flocculating property to the fat -free serum. 


Ramon, Compu rend, Soc. Biol., 1922, 86, 71 1. 
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Discussion 

How can we explain the differences of action of ninhydrin upon 
rabbit and horse immune sera ? It may be assumed that antibodies 
have different solubilities when they are elaborated by different zoolo- 
gical species. It could be due to the fact that the antitoxic fraction 
of horse serum is located in the pseudoglobulin fraction,^ while the rabbit 
corresponding fraction is mostly located in the euglobulin fraction. 

We have verified these data on the sera of the animals used in our 
own experiments ; we have observed that horse antidiphtheria serum 
holds its precipitins in the pseudoglobulin fraction, while rabbit anti- 
diphtheria precipitins are equally located in the pseudoglobulin and 
euglobulin fractions. Thus, for the same antigen, horse precipitins 
are more water-soluble than rabbit precipitins. Furthermore, this 
difference is much increased by the action of ninhydrin : under our 
experimental conditions, the solubility of ninhydrin-treated euglobulins 
is sensibly more decreased than the solubility of ninhydrin-treated 
pseu doglobu lins . 

Our experiments show that under the influence of a chemical 
substance a fat-free immune serum is able to recover its lost flocculating 
properties. This conclusion proves that non-specific factors play the 
essential part in the second stage in the antigen-antibody reaction. 

Centre de Biologie prdventive 

de la Sdcurite sociale de Bordeaux^ 

Bordeaux^ France. 

« Seng, Z. Hyg. Infekt., 1899, 31, 513. 

Unpublished data. 


LIPO-PROTEINS IN SEROLOGY AND THE ROLE 
OF LIPID HAPTENES 


By Mary C. Pangborn 
Received 20th May, 1949 

Lipids may function specifically as haptenes in serologic reactions but they 
may also give rise to non-specific efiects owing to their capacity of forming 
various types of complexes with proteins. Some of these non-specific effects 
are important only as sources of error but others play an essential if secondary 
role in the demonstration of immunologically specific reactions. The field is 
reviewed briefly and some applications of these principles in the serology of 
syphilis and tuberculosis are ^scussed. 


The ability of lipids to form a variety of complexes with proteins 
introduces a number of special problems in serology. I hope it may be 
useful to gather together certain aspects of this general subject for 
critical discussion. In most cases the actual lipo-proteins involved 
have not been separated for study and the discussion must therefore 
centre on the behaviour of isolated lipids. 

In certain instances it has been shown that blood lipo-proteins 
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play a definite part in serologic reactions. Hartley^ found that re* 
moval of lipids by treatment with cold alcohol and ether, under such 
conditions that the proteins were not denatured, prevented flocculation 
of diphtheria toxin-antitoxin mixtures and of horse serum with anti- 
horse rabbit serum. Syphilitic sera freed from lipids in this way no 
longer fixed complement with Wassermann antigen. Horsfall and 
Goodner^ extracted Type I anti-pneumococcus horse and rabbit sera 
by a similar technique and found that the property of precipitating 
homologous polysaccharides and agglutinating pneumococci was lost 
(horse) or greatly diminished (rabbit). The extracted serum still pro- 
tected mice against infection and its in vitro combination with antigen 
was demonstrated by an inhibition method.® The precipitating and 
agglutinating properties were restored by admixture of traces of lipids : 
in horse serum the essential added lipid was lecithin while in rabbit 
serum it was cephalin. Thus a labile and easily reconstituted lipo- 
protein bond may be essential for the secondary or aggregation stage 
of the immune reaction, even though not needed for the combination 
of antigen with antibody. 

A special case of the effect of a serum lipo-protein is described in 
the reports of Neurath and his collaborators. These authors showed 
that globulin fractions from syphilitic and biologic false positive sera 
differed in that a serum fraction remaining in solution when the anti- 
body globulins were precipitated inhibited the reaction between anti- 
gen and “ false positive ” globulin while it had little or no effect on 
the reaction with syphilitic antibody. The action of this inhibitor 
was due to combination with the antigen rather than with the anti- 
body.® The inhibitor was found in the lipo-protein fractions of serum ® 
and recently Volkin ’ has traced the inhibitor property to a lipid, 
apparently lecithin or some closely associated impurity. 

When antigens composed wholly or in part of lipids are employed 
in serologic tests, the ability of the lipids to combine with serum pro- 
teins may give rise to a variety of non-specific effects which greatly 
complicate the study of any true antigen-antibody reactions that may 
be occurring in the same system. This is true of both complement- 
fixation and flocculation reactions. 

In view of the multiple nature of complement and the fact that 
inhibition of any one of the four components is sufficient to destroy 
complement function,® it is to be expected that anticomplementary 
properties of antigens or sera may be due to a variety of unrelated 
causes. One case of an anticomplementary lipid — cephalin — has 
received particular attention, Wadsworth, Maltaner and Maltaner ® 
showed that the anticomplementary activity of cephalin might be 
either reversible or irreversible ; under certain conditions, reactivation 
could be brought about by adding CaClg in amounts equivalent to 
the cephalin added. These authors also showed that there was a 

^ Hartl^'Y, Brit. J. Expt. Path., 1925, 6, 180. 

* Jr., and Goodner, /. Expt. Med., 1935, 62, 485. 

* Horsfall, Jr., and Goodner, /. Immunol., 1936, 31, 135. 

* Neurath, Volkin, Erickson, Craig, Putnam and Cooper, Amer. J. Syph., 
1947. 31, 347 

‘ Volkin, Neurath and Craig, ibid., i947» 4^3- 

* Volkin, Neurath, Erickson and Craig, ibid., I947» 3l» 397- 

’ Volkin, J. Immunol., Virus Res., Expt. Chemotherapy, 1949, 61, 143. 

* Pillemer, Chem. Rev., 1943, 33, i. 

* Wadsworth, Maltaner and Maltaner. J. Immunol., 1936, 30, 417. 
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quantitative parallelism between the activities of cephalin in inhibiting 
complement and in accelerating blood clotting, and Maltaner^® has 
pointed out that the apparent fixation of complement by certain tissue 
extracts with normal rabbit sera was suspiciously parallel to the en- 
hancement of the thromboplastic activity of the extracts by the same 
sera. These relationships have usually not been adequately considered 
as possible sources of error in studies of the antigenicity of lipids. 

Anticomplementary effects may also be observed with other frac- 
tions of tissue lipids. The mechanisms involved are unknown. In 
attempting to circumvent this difficulty one comes on another as yet 
unexplained phenomenon — what one might call the ** counter-anti- 
complementary ** effect of lecithin. Various observations have been 
reported on the intensification of specific reactions the elimina- 

tion of anticomplementary effects by added lecithin. Some 
special cases of this will be discussed presently. Here it may simply 
be pointed out that the effect of lecithin in preventing anticomplementary 
activity of other lipids seems to be rather general and it deserves study 
in any problem where difficulties due to anticomplementary properties 
of lipids are encountered. 

Because of the widespread use of flocculation reactions for the sero- 
diagnosis of syphilis, the possibility of non-specific serum precipitation 
by lipids is of great practical importance. Mackie and Anderson 
and Anderson studied precipitation by a number of different lipid 
preparations with normal sera of various species, and found that by 
employing varying ranges of serum dilutions and different temperatures 
of heating the serum they could obtain instances of flocculation with 
a wide variety of lipids. They were able to differentiate several types 
of precipitation according to dilution range and thermostability of the 
serum factor. Kahn was able regularly to produce flocculation with 
Kahn antigen in “ Kahn-negative ” sera by varying the electrolyte 
content and the temperature of reaction. Such flocculates differed 
from the specific Kahn precipitates in that they were readily dissolved 
by increasing the concentration of NaCl. Kahn describes this low- 
temperature low-electrolyte flocculation as a “ universal serologic 
reaction.” Such a term seems rather confusing. Rather, the ” uni- 
versal reaction ” appears to be one more instance of non-specific lipo- 
protein combination, and illustrates the difficulty of drawing a sharp 
distinction between such combinations and those related to true immune 
phenomena. That such a distinction can be successfully drawn in 
practice, when all the conditions of precipitation are narrowly defined 
and rigidly controlled, is shown by the satisfactory degree of specificity 
observed in various flocculation tests for syphilis. It needs to be 
emphasized, however, that the basis for defining the conditions of such 
tests is still strictly empirical. 

As incitants of specific antibodies, the lipids are peculiar in that, 
as pointed out by Landsteiner,^® the alcohol-soluble haptenes and 

Maltaner, Proc. Soc. Expt. Biol. Med.^ 1946, 62, 302. 

Dienes and Scheff, J. Immunol., 1926, 12, 123. 

Freund, ibid., 1927, 13, 161. Schwab, Z. Immunitdts, 1936, 87, 426. 

D’ Alessandro and Greco, ibid., 1938, 94, 147. 

Mackie and Anderson, J. Path. Bact., 1937, 44 * ^03. 

Anderson, Biochem. J., 1938, 32, 282. 

Kahn, Amer. J. Pub. Health, 1947, 37, 283. 

Landsteiner, The Specificity of Serological Reactions (Harvard University 
Press, Cambridge, Massachusetts, 1945), revised ed., p. 113. 
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chemically-known lipids are the only group of substances known to 
acquire antigenicity by simple admixture with proteins. The classical 
example of the method was the work of Landsteiner and Simms 
on the alcohol-soluble Forssman antigen. These authors showed that 
animals injected with a mixture of alcohol-soluble haptene and a 
foreign protein, such as the serum of another species, may develop 
antibodies to the haptene component as well as the expected antibodies 
to the foreign protein. Subsequently, the same method was applied 
by numerous workers using more or less crude lipid extracts of tissues 
and of micro-organisms. The subject has been reviewed by Weil.^® 
Where crude extracts have been used, the relationship of the resulting 
antibody to a lipid is clearly not proved, since such extracts always 
contain non-lipid substances. There are also serious disagreements 
as to the interpretation of some of the findings, due to differences in 
serologic techniques. For example, repeated reports of the antigenicity 
of cholesterol appeared in the early literature.^^* The question 
was critically studied by Wadsworth, Maltaner and Maltaner em- 
ploying a carefully standardized quantitative complement-fixation 
technique by which it« could be shown that there was no direct 
proportionality between the amount of complement fixed by the 
cholesterol “ antisera ” and the amount of serum used, and in this 
respect the reaction differed sharply from those of known serologic 
specificity. 

With all these qualifications, however, the existence of genuine 
lipid haptenes is well established. Two special cases will be discussed 
in some detail. In both these cases the chemical nature of the active 
lipids is reasonably well known and their specific serologic reactivity 
is beyond dispute ; the two have, moreover, certain interesting points 
in common. 

The use of lipid “ antigens ” in the serodiagnosis of syphilis is 
certainly the most widely known application of lipid reagents in serology. 
In spite of the lack of any apparent connection between the test re- 
agent and the disease, it seems to be generally agreed that the reacting 
substance in syphilitic sera behaves like a true antibody, whether it 
is produced by some sort of auto-immunization or whether the incitant 
is a spirochaetal antigen that just happens to cross-react with a 
component of normal tissue ; this controversy has been recently re- 
viewed by Davis.^® The tissue component, the essential active com- 
ponent of the antigen, was isolated from beef heart and identified as 
a complex phosphatidic acid, cardiolipin.^^» In the tissues it is 
presumably combined with protein. Furth and Rabat found that 
the “ Wassermann ” activity of saline extracts of beef heart was associ- 
ated with a heavy particle substance sedimentable in the ultracentrifuge. 
Demonstration of in vivo antigenicity by immunization of animals with 
crude “ Wassermann substance ” combined with protein was apparently 

Landsteiner and Simms, J. Expt. Med., 1923, 38, 127. 

Weil, Bact. Rev., 1941, 5, 293. 

Sachs and Klopsiock, Biochem. Z., 1925, I59» 49 i- 

Weil and Besser, Z. Immunitdts., 1932, 76, 76. 

Wadsworth, Maltaner and Maltaner, J. Immunol., 1935, 29, 135. 

** Wadsworth, Maltaner and Maltaner, ibid,, 1931, 21, 313. 

Davis, Medicine, 1944, 23, 359. 

Pangbom, /. Biol. Chem., 1942, 143, 247. 

Pangbom, ibid., I947» 35 ^* 

Furth and Rabat, Science, 1941, 94, 46. 
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successful.*®* Such experiments have not yet been repeated with 
cardiolipin. 

The use of cardiolipin in diagnostic tests for syphilis depends for 
success on a balance between specific reactivity and non-specific 
colloidal properties. It therefore illustrates a number of the general 
points already mentioned. 

Thus it was soon found that cardiolipin alone could not be used as 
an antigen either in complement-fixation or flocculation tests. The 
possibilities of demonstrating its combination with antibody by in- 
hibition or absorption methods have not yet been explored. The 
practical problem of preparing useful diagnostic antigens was solved 
by admixture of purified lecithin and cholesterol. The effects of various 
proportions of these substances were first carefully studied by Maltaner 
and Maltaner and by Brown ; ** and applications of the same 

principle in different serologic techniques were reported by others. 
Cardiolipin alone was anticomplementary but this effect was com- 
pletely inhibited by addition of five parts of lecithin.*^ Mixtures of 
cardiolipin and lecithin reacted in both complement-fixation and 
flocculation tests, while addition of cholesterol further increased the 
sensitivity of the reactions. Two interesting points about the pro- 
perties of these mixtures may be noted : (i) the amount of cardiolipin 
in the optimally reacting mixture is small in proportion to the amounts 
of the presumably non-specific ingredients, and (ii) specificity as well 
as sensitivity depends on the proportions of the three components. 
Thus a complement-fixation antigen containing insufficient lecithin 
may tend to give non-.spccific reactions. Moreover, even with optim- 
ally adjusted mixtures of the three components, some false positive 
reactions are still obtained. The use of cardiolipin antigens makes 
it possible to differentiate “ false positive ” reactions that are related 
to antigen impurities from those that depend on quite different factors, 
such as the presence in certain sera of the reacting globulins studied 
by Neurath and his colleagues.^"'^ These authors found that syphilitic 
and false positive globulins could be more sharply differentiated by the 
reaction of the inhibitor with cardiolipin than when crude antigens 
were used.® 

The best known instance of a lipid antigen from a bacterial source 
is the phosphatide of the tubercle bacillus. Since Anderson’s first 
work on the separation of this substance,®^ there have been several 
studies of the serologic properties of more or less purified tubercle 
bacillus lipids.®®'"*^ In these reports there is complete agreement that 

** Sachs, Klopstock and Weil, Deut, Med, Wchnscht,, 1925, 51 , 589. 

Eagle, /. Expt. Med., 1932, 55 , 667. 

Maltaner and Maltaner, J. Immunol., Virus Res., Expt. Chemotherapy, 
I945» 51. 195- 

3* Brown, ibid., 1946, 52 , 17. 

Brown, ibid., 1946, 53, 171. 

** Kline, Amer. J. Clin. Path,, 1946, 16 , 68. 

Harris, Rosenberg and Riedel, J. Ven. Dis. Inf., 1946, 27, 169. 

McDermott and Kahn, J. Lab. Clin. Med., 1948, 33, 1224. 

Anderson, J. Biol. Chem., 1927, 74 , 525, 537. 

Pinner, Amer. Rev. Tuberc., 1928, 18, 497. 

Doan, Proc. Soc. Expt. Biol. Med., 1929, 26 , 672. 

Pedersen-Bjergaard, Z. Immunitdts., 1934, 82 , 258, 

Macheboeuf, et al. (a) Compt. rend., 1937, ^4* i®43 I (^) 1939, 

209 , 700; (c) Bull. Soc. Chim. biol., 1934, 355 1 ibid., 1935, 17 , 1194, 

1201, 1210. 
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the tuberculophosphatide fixes complement with tuberculous sera 
and that it represents the chief active ingredient of antigenic extracts 
made with lipid solvents. Pinner and Doan reported that the 
Anderson phosphatide could be used for precipitation as well as com- 
plement-fixation tests. Macheboeuf found no precipitating activity 
in his purified phosphatide and considered any such activity to be due 
to a polysaccharide contaminant. Pinner,^® Doan,®® Pedersen-Bjer- 
gaard,^® and Chargaff and Schaefer ^ all reported that phosphatides 
prepared by Anderson’s method stimulated antibody production in 
animals — differing therefore from other lipids in not requiring prior ad- 
mixture with protein. Again, Macheboeufs preparation differed ; it was 
not antigenic but strictly a haptene. Some of these discrepancies might 
be due to varying serologic techniques as well as to differences in purity. 

A renewed serologic study of this substance has recently been 
undertaken and while it is too soon to say much about it certain points 
of comparison with the better known cardiolipin system are suggestive. 
Cardiolipin and the tuberculophosphatide can be classified together 
chemically, since both are salts of complex phosphatidic acids. Both 
are sufficiently complex molecules to provide ample opportunity for 
uniqueness of chemical structure such as is associated in other cases 
with serologic specificity. Finally, the effect of lecithin on the reaction 
of these two substances with complement is similar. Preliminary 
study of a partly purified BCG phosphatide showed that it was 
decidedly anticomplementary but addition of three parts of lecithin 
obscured the anticomplementary effect while not altering the reactivity 
with immune serum. Such results lead to the hope that some of the 
principles successfully applied in the study of the syphilis antigen- 
antibody system may prove useful in developing an improved antigen 
for tuberculosis. 

To recapitulate, we have seen that lipids may take part in serologic 
phenomena by either specific or non-specific reactions. These non- 
specific reactions may be mere sources of error or they may actually 
be essential in providing the physico-chemical conditions under which 
a specific reaction is manifested. Study of cardiolipin and of the tuber- 
culophosphatide indicates that non-specific activity (inhibition of 
complement) may even be a property of the same molecule that also 
has a truly specific reactivity. There seems to be no reason to doubt 
that serologic specificity of lipids, as of other antigens, is related to 
particular chemical configurations. It is evident, however, that such 
relationships are not so easy to bring out as in the case of polysaccharides 
and the various conjugated-proteins. Even with purified substances 
such as cardiolipin, demonstration of the specific reaction is narrowly 
conditioned by non-specific colloidal properties of the system. 

Addendum {i^th November, 1949) : After this paper was submitted, 
some additional observations on the phosphatide of the tubercle bacillus 
were made. The phosphatide was prepared from a recently isolated human 
strain of the bacillus and was purified in the form of the Ba salt until it 
contained 4-2 % phosphorus and no nitrogen. This method gives much 
better yields of a purified pioduct than can be obtained by fractionation 
with solvents alone. 

In studying the complement-fixing activity of the phosphatide, 
tuberculous horse serum was used, as has been commonly done by other 

** Chargaff and Schaefer, Ann» Inst, Past., 1935, 54 f 70S, 

** Maltaner and Pangborn (unpublished). 
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investigators. It has not yet been determined whether the antigen is 
equally suitable for tests with human serum. The phosphatide was 
somewhat anticomplimentary alone but this property was eliminated 
by addition of 6 parts of lecithin, with some increase in the antigenic 
activity. The effect of added lecithin thus appeared qualitatively similar 
to that observed with cardiolipid although it was quantitatively much 
less. 

It has been repeatedly observed that lipoidal extracts of the tubercle 
bacillus tend to react with S5q)hilitic sera, and Debus ** found this activity 
increased by addition of lecithin. A group of loo syphilitic sera was 
tested with an antigen consisting of the purified tuberculophosphatide 
mixed with 6 parts of lecithin ; in this preliminary series it appeared 
that there was no correlation between the titres of the sera with cardio- 
lipid antigen and with tuberculophosphatide. Further study is necessary, 
however, before this point can be adequately clarified. The work is 
being continued. 

The Division of Laboratories and Research^ 

New York State Department of Healthy 
Albany, 


Debus, Z, Immunitais, 1931, 72, 373. 


GENERAL DISCUSSION* 

Prof. F. Tayeau (Bordeaux) said : I have already pointed out in my 
paper that the first stage of the precipitin reaction (binding of antigen 
and antibody) still exists when fat-free antibody are used (Hartley, 
Linderstrom-Lang and Schmidt.) 

Two main theories are generally opposed with regard to the second 
stage : 

(i) Some authors think that the binding of specific groups of antigen 
and antibody continues until the aggregates have a sufficient volume 
to sedimentate (Marrack, Heidelberger, Pauling.) 

(ii) Others estimate that elementary antigen-antibody aggregates, 
small and water-soluble, clump together by the action of unspecific forces 
to form a precipitate (Haurowitz) ; the solubility of the large aggregates 
depends mostly on the hydrophilic and hydrophobic properties of the 
surface grouping. Our results seem to be an argument for this last theory. 

There are sera which, when fat-free, do not completely lose their floc- 
culating ability ; for instance, some months ago Sandor in Paris isolated 
from anti-plague serum a euglobin fraction which is absolutely fat-free 
and which abundantly precipitates with his corresponding antigen. We 
are now carrying on systematic work on this question to get a better idea 
of the different behaviour of fat -free antibody when different antigens 
have been used for immunization. 

Prof. J. R. Marrack (London) said : The experiments of Prof. Tayeau 
and his colleagues are strong evidence against the theory that the forma- 
tion of precipitates by antigens and antibodies depends solely on specific 
forces. Experiments by Orlansky in my laboratory agree with those of 
Prof. Tayeau in showing the importance of the solubility of the antibody. 

Neither a- nor ) 3 -lipo-proteins are involved in these reactions, for pre- 
cipitation occurs readily when antigen is added to y globulin (free from 
faster components) isolated from antiserum. The question arises whether 
y globulin contains enough lipid to affect its solubility appreciably. 

In connection with Klotz's theory, mentioned by Prof. Luck, the 
forces by which antibodies (which are y globulins) combine with antigens 

* On two preceding papers. 
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must be similar to those by which albumin combines with dyes. But 
antibodies do not difiEer from inert y globulins in the number of — COOH, 
— NH2 and — OH groups that they contain. 

Prof. F. Haurowitz {Bloomington, Indiana, U,S.A.) said: Prof. 
Tayeau's assumption that the second part of the precipitin reaction is 
non-specific is in agreement with our view (1938) based on the inhibition 
of the precipitation by neutral salts. Most probably the antigen- 
antibody complex consists of an antigen nucleus surrounded by many 
antibody molecules. The aggregation of such complexes is brought 
about by the same non-specific forces which are responsible for the 
insolubility of euglobulins at low ionic strength. Euglobulins, as well 
as antigen-antibody aggregates, are solubilized by neutral salts. 

Prof. E. Ghargaff (New York) said : At the concentration of ninhydrin 
used, are all the NHa groups destroyed ? 

Prof. F. Tayeau (Bordeaux) said : At the concentration of 0‘i % (at 
37° during half an hour) ninhydrin blocks 5 to 10 % of the free NHj 
groups of proteins. 

Prof. M. Heldelberger (New York) said : Our results are not in 
accord with the views expressed in Prof. Tayeau's paper, or in the Dis- 
cussion. Removal of lipids from antisera certainly delays or inhibits 
gross precipitation, but if mixtures of antigen and antiserum are allowed 
to stand for adequate periods and are then centrifuged at 3,000 rev. /min. 
more specific nitrogen is actually precipitated from delipidized sera than 
from the unextracted ones. The lipids therefore seem to facilitate gross 
particle formation, probably mechanically, from the small aggregates 
initially formed, as well as to prevent complete separation of antibodies. 

Prof. F. Tayeau (Bordeaux) said : I am very interested by Prof. 
Heidelberger’s experiments. The formation of gross insoluble particules 
is precisely what is generally called the second stage of precipitin reaction. 
I also agree with the fact that lipids play in this stage a non-specific 
action, probably mechanical. The centrifugation used by Prof. Heidel- 
berger precipitates aggregates which, in generally used conditions, are 
dispersed in the aqueous medium. 

Prof. M. Heldelberger (New York) asked : In view of the preceding 
can one say where the so-called first stage ends and the so-called second 
stage begins ? 

Dr. A. Lasnitzki (Birmingham) said : I should like to draw the atten- 
tion of Prof. Tayeau to investigations I carried out many years ago in 
collaboration with Prof. Friedberger, the German immunologist.^ Using 
rabbit antisera throughout, it had been shown in previous work that a 
marked precipitin reaction could frequently be obtained, not only with 
the homologous serum, but also with one or more sera from different 
species. For instance, an anti-bovine serum reacted with bovine as 
well as horse serum, an anti-cat serum with cat as well as dog serum. 
Morphologically the specific precipitate consisted of coarse particles having 
a spongy structure, while the unspecific precipitate was comf>osed of 
fine, compact granules. Assuming that the former was essentially due 
to a reaction between proteins and the latter mainly to a reaction between 
lipids, the effect of the removal of lipids from anti-serum and serum 
(both homologous and heterologous) had been studied. The extraction 
Was made with ether at room temperature. It was found that the un- 
specific reaction could be abolished, or at least considerably reduced, 
whereas the specific reaction usually was reduced to a minor degree, 
or appeared to be unchanged. As a rule the effect was less if only one 
of the two components had been treated with ether. We concluded 
from these results that lipids might play a significant part in the forma- 
tion of the unspecific precipitate, but might likewise be of some import- 
ance in the formation of the specific one. 


^ Friedberger and Lasnitzki, Biochem, Z,, 1923, 137, 312. 
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Prof. F. Tayeau {Bordeaux) said : The extraction of serum by ether 
alone at room temperature removes a minute amount of lipids (Hoppe- 
Seyler). Furthermore, the physical properties of ether treated proteins 
are different from native ones (Lecomte du Noiiy). 

Prof. M. Macheboeuf {Paris) said : Miss Pangborn in her paper 
writes : Some of these discrepancies might be due to varying serologic 
techniques, as well as to differences in purity.” But Chargaff and Schaefer 
worked with me in the same department of the Institut Pasteur with 
identical serological techniques. The divergences, therefore, are due solely 
to some differences in purity. Anderson's phosphatide was a mixture. 

I might also add that it was not Anderson who proved that the B.K. 
lipidic haptene was a phosphatidic acid. He believed that it was a 
phosphatide. It is with Mile. M. Faure and Mme. G. Levy that we have 
been able to prove that it evolves from a phosphatidic acid, which was 
also Block's theory. 

Miss M. Pangborn {New York) said : The sentence quoted from my 
paper by Prof. Macheboeuf refers to an entire paragraph in which the 
work of several authors other than those in Prof. Macheboeuf’s laboratory 
are cited. There are significant differences in the serologic techniques 
used by these various workers. 


RECENT STUDIES ON CELLULAR LIPO-PROTEINS 


By Erwin Chargaff 

Received 8 th May^ 1949 


Lipo-proteins are outstanding examples of macromolecular conjugated 
proteins isolated from the cell under mild conditions. An attempt is made to 
classify these substances according to the types of lipid or of protein that they 
contain and to the cellular components from which they are derived. Examples 
of synthetic lipo-proteins (of the salt type) and of more complex naturally 
occurring substances are discussed. Among the latter, detailed attention is 
paid to the thrombo-plastic protein, to the chromo-proteins of plant cells, and 
to the lipo-nucleo-protcin complexes of yeast. 


The problem of conjugation, and particularly that of conjugated 
proteins, has in the past few years acquired new importance in bio- 
chemistry. In fact, the formulation of the problem itself is of relatively 
recent date, as could be shown by tracing the birthdays of such terms 
as “ prosthetic group ” or “ apoenzyme.” The text-book distinction, 
however, between simple and conjugated proteins has probably outlived 
its usefulness. It is not unlikely that most cellular proteins, in contrast 
to some proteins in extra-cellular fluids, exist in conjugation with many 
substances of non-protein character. To decide, which is the rider 
and which the horse, sometimes is not easy : there are fractions, e.g. 
in aqueous brain extract that would deserve the designation of proteo- 
lipids rather than lipo-proteins. 

The more we learn about the composition of cells and biochemical 
systems in general, the clearer it becomes that many substances that 
appear in the test-tube as discrete and unconnected, are in the living 
organism united to larger, more complex, and more specific structures. 
Thus we encounter combinations between proteins and lipids, proteins 
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and carbohydrates, lipids and carbohydrates, etc. We would probably 
be guilty of no more than a mild distortion, were we to state that within 
the living cell everything is high-molecular. The ability of the living 
cell to retain easily diffusible substances against a concentration gradient 
has been a much discussed and baffling subject. While the explanation 
usually proffered, that it is through its metabolic activities that the 
cell is able to bring this about, probably is correct, the part that the 
structure of the cell plays in its metabolism must not be forgotten. 
It is impossible to write the history of the cell without attention to its 
geography. 

Lipid-protein complexes, like most other conjugated proteins, 
often are quite unstable ; they are not easy to handle and have, there- 
fore, probably often remained unrecognized. Even now, our knowledge 
of how to treat them still is in its infancy. These complexes are widely 
distributed in living matter. They arc almost ubiquitous within the 
cell, occurring in cell nuclei, mitochondria and other cytoplasmic in- 
clusions, cell membranes, etc. Egg yolk is very rich in a lipo-protein, 
lipo-vitellin, and appears to contain other lipid complexes in addition. 
Similar compounds occur in fish eggs, e.g. ichthulin ; but very little 
work has been done on these substances. The very important lipo- 
proteins found in extracellular fluids are not being considered here. 

The term lipo-protein is used for compounds between proteins and 
lipids, which latter are defined as a group of naturally occurring fatty 
acid derivatives, soluble in organic solvents. A classification by the 
type of lipids or of proteins that they contain would be desirable, but 
is mostly impossible. One grouping by classes of proteins could be 
attempted, since lipo-proteins appear to represent associations with 
one of three main protein groups : 

1 . Nucleoproteins (mostly of the pentose type). 

II. Phosphoproteins. 

III. Phosphorus-free proteins. 

Group I comprises the cytoplasmic lipo-proteins among which the 
thromboplastic protein has, perhaps, been the most thoroughly in- 
vestigated. To this group likewise seem to belong a particulate lipo- 
protein from yeast which will be mentioned later, the pigmented 
carotinoid-protein complexes from carrots, and possibly also the lipo- 
proteins of the chloroplasts. Group II includes the lipo-proteins from 
yolk and probably also from milk. To Group III belong the lipo- 
proteins of blood plasma. 

A survey of the types of primary valency bonds available for linkage 
of lipids to proteins may be of interest. This is taken from a review 
article.^ 

1. Fatty acids : Carboxyl group, electrostatic (salt) ; covalent 
(ester, amide, etc.). 

2. Triglycerides : None. (Mono- and diglycerides could, of course, 
form covalent ester links through their free hydroxyl groups.) 

3. Lecithin : Trimethyl ammonium group, electrostatic (salt). 
Phosphoric acid group, electrostatic (salt) ; covalent (ester, etc.). 

4- Cephalin : Amino group, electrostatic (salt) ; covalent (amide). 
Phosphoric acid group, electrostatic (salt) ; covalent (ester, etc.). 

^ Chargaff , Advances in Protein Chemistry (Academic Press, New York, 
1944)# Vol. I, p. I. 
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5. Phosphatidyl serine ; Amino group, electrostatic (salt) ; co- 
valent (amide). Phosphoric acid and carboxyl groups, electro- 
static (salt) ; covalent (ester, amide, etc.). 

6. Sphingomyelin : Trimethyl ammonium group, electrostatic 
(salt). Phosphoric acid group, electrostatic (salt) ; covalent 
(ester). Hydroxyl group, covalent (ester). 

7. Phrenosin and kerasin : Hydroxyl groups, covalent (ester). 

8. Xanthophyll and sterol esters : None. 

The phosphatidic acids, glycerol ethers, and acetal phosphatides 
probably behave similarly to Groups i, 2 and 4 respectively. 

It is, of course, necessary to distinguish between genuine lipid 
complexes and mixtures or loose adsorption systems. The term lipo- 
protein connotes a group of compounds with properties (e.g. biological 
reactivity, solubility, colour, optical and other physical constants) 
different from those of the sum of their components. The inspection 
of the polar characteristics of lipo-proteins could lead to the following 
provisional classification : 

I. Covalent compounds (groups i and 3 to 7). 

II. Electrostatic compounds (groups i and 3 to 6). 

III. Secondary valency compounds (groups i to 8). 

There is little evidence of the occurrence of covalent lipo-proteins 
(e.g. esters, amides, etc.) in nature. Electrostatic lipo-proteins are 
represented by salts, where the attraction must be due to ionic forces 
between the lipid and the protein. Certain synthetic lipo-proteins 
and lipo-protamines belong to this type. Such substances are stable 
within a certain pH range only. Therefore, there will be a significant 
difference in the reactivities of lecithin and sphingomyelin on the one 
hand (these are practically neutral lipids) and the more acidic phos- 
phatides on the other. At the physiological pH, lecithin can hardly 
be expected to form salts with tissue proteins, whereas cephalin and 
especially phosphatidyl serine will be able to combine with protamines 
and with thymus histone, but not with globin, by means of ionic bonds 
to form insoluble products.^* ® 

Most lipo-proteins occurring in nature probably have to be classified 
as secondary valency compounds. These complexes are stable, and 
move intact in an electric field, at a pH well above the isoelectric points 
of their component parts. It is not improbable that some of the lipids 
that are unable to attach themselves by electrostatic or covalent bonds 
could exist as solid solutions in the prosthetic lipid portion of a lipo- 
protein. It is very remarkable that the treatment with alcohol 
appears to disrupt the protein-lipid linkage. It must be said that, 
as far as biochemistry is concerned, the nature of the secondary valency 
or van der Waals' forces is largely unknown. It is quite possible that 
a new direction will have to be introduced into our conceptions of 
compound formation within the group of macromolecules. In a pro- 
tein the average electrical charge, reflected in its isoelectric point and 
electrophoretic mobility, perhaps is not an indication of the specific 
spacing and localization of ionizable groupings. One could, for instance, 
conceive that a number of positive charges (e.g. NH2 groups) or negative 

* ChargafE, J. Biol. Chem., 1938, 125, 661. 

® Chargaff and Ziff, ibid., 1939, 131, 25. 
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charges (e.g. COOH groups) could be concentrated at certain critical 
spots in the protein. Thus a specific field of forces would be created 
in which discrete electrical charges could be so compressed as to create 
the possibility of the formation of electrostatic bonds ; but only if 
certain spatial requirements were fulfilled. It may generally be assumed 
that any action resulting in the displacement or the distortion of such 
centres of attachment in the protein will bring about the cleavage of 
the conjugated protein. This does not necessarily disprove the essenti- 
ally electrostatic nature of such macromolecular van der Waals’ com- 
pounds. It goes without saying that hydrogen bonding probably will 
also be of great importance in the formation of these complexes ; but 
no strict evidence has been put forward so far. In whatever manner, 
however, the structure of these conjugated compounds may be ex* 
plained, it will be necessary to allow for the continuous opening and 
closing of bonds in which the whole is altered without being destroyed ; 
one will have to take into account that peculiarly trembling balance 
through which the living cell struggles against the establishment of a 
permanent equilibrium. 

As an example of what may be considered as a precursor of a cellular 
lipo-protein, the lipo-vitellin from hen’s egg yolk may be mentioned.^ 
The lipid-vitellin complex present in yolk has for many years been 
regarded as the classical instance of a naturally occurring lipo-protein, 
although it is by no means typical of the complexes found in tissues 
and plasma. The purified lipo-protein complex contains N 13-0, P 1*5, 
total lipids 23, and phosphatidcs 18 %. Only one-fifth of the yolk 
lipids, however, is bound in the conjugated protein ; the remainder is 
extractable with ether. There appears to be no essential difference 
in the composition of the free and the bound phosphatides, nor could 
any difference be shown in the rates of formation of these lipids, when 
radioactive phosphorus was used as a marker. The bound and the 
free lipids appeared to be in equilibrium.® 

In discussing lipo-proteins as part of the cell structure only brief 
reference can be made to their occurrence in cell nuclei and in mem- 
branes, since very little chemical information on these structures has 
come to light so far. That mitochondria and other cytoplasmic struc- 
tures contain lipo-proteins has been shown by the work of Bensley, 
Claude and others. It may be hoped that the recent application of 
paper chromatography to the separation of the nitrogenous constituents 
of phosphatidcs * will prove useful to studies of this kind, the more so 
since it has recently been possible to develop methods, on this basis, 
for the quantitative estimation of choline, ethanolamine, serine, etc., 
as they occur in lipid hydrolyzates. (Unpublished work with Miss 
Celia Levine.) 

One outstanding, long-recognized, and easily demonstrable feature 
of tissue extracts is their strong blood-clotting activity. For this 
reason, we have studied in considerable detail the lipo-proteins of tissue 
cells that are responsible for this effect. One interesting feature in 
this work is the possibility of following the purification of a lipo-protein 
and the reactions to which it may be subjected by biological assay 
methods. The best studied example is the thromboplastic protein of 
beef lung. Similar fractions were isolated from human organs (lung 

^ Chargaff, J. Biol. Chem., 1942, 14^, 491 - 

® Chargaff, ibid., 1942, 142, 505. 

® Chargaff, Levine and Green, ibid., 1948, 175, 67. 
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and placenta).*^ Minute amounts of a fraction resembling the tissue 
material could be isolated from human plasma.® 

The place of this fraction in our current conception of the mechanism 
of blood coagulation seems clear : it catalyzes the conversion of pro- 
thrombin to thrombin. Recent work in this laboratory has proved 
that this activating effect is of enzymatic nature, since it was possible 
to recover the thromboplastic protein with undiminished activity 
following its action on prothrombin.® The same series of studies also 
revealed the profoundly disrupting effect of sodium desoxycholate on 
the thromboplastic protein.®* 

Crude preparations of the thromboplastic protein can be obtained 
by fractional salt precipitation of tissue extracts. Much better 
fractions are obtained, however, when extracts are fractionated by 
centrifugation at different speeds.^* It may generally be said that the 
fractional centrifugation at a high speed probably is the best method 
for the isolation of those cytoplasmic lipo-proteins that are nucleo- 
protein complexes (Group I, mentioned above). If sufficient care is 
taken, preparations may be obtained which are homogeneous with 
respect to particle size ; all purified fractions were found homogeneous 
in the electrophoresis cell. 

Electron micrographs of the preparation revealed the presence, 
together with some aggregated material, of a large percentage of almost 
perfect spheres with a diameter of 8o to 120 m/a. The particles probably 
are highly hydrated, as the calculated frictional ratio ///o == i*4i 
corresponds to an axial ratio of 8 for a prolate ellipsoid. The partial 
specific volume of the protein was very high, V27 = 0*87, as would be 
expected of a lipid-protein complex. The sedimentation constant 
•^20= 330*5* and the diffusion constant DgQ = 0*38 X 10“’ correspond 
to a very high particle weight from rate of sedimentation, viz. 167 
million. The electrophoretic mobility at pH 8*6 was 8*4 cm.^ volf”^ 
sec.“^ X 10“^ 

The treatment with hot alcohol-ether resulted in the extraction of 
40-45 % of lipids. Following the removal of the lipids, the protein 
residue contained N 13*4, P 0*4, amino sugar i %. The residual 
phosphorus seems mostly due to the presence of a pentose nucleic 
acid which can, at least in part, be split off by heating. It had an 
absorption maximum at 2610 A. 

The spectrum of the intact thromboplastic protein in borate buffer 
(pH 7*9) has been published.® It showed a plateau around 2600 A, 
undoubtedly due to the presence of nucleic acid, and a maximum at 
2250 A, which latter disappeared on storage. 

The disintegration of tissue lipo-proteins is not easy to achieve, and 
its mechanism little understood. Ether alone accomplishes little ; 
the treatment with hot alcohol-ether, however, removes most of the 
lipids. Following the work of McFarlane on serum lipids, experiments 
were carried out on the effect of ether extraction of the thromboplastic 
protein in the frozen state which gave interesting results.^®* 

’ Chargaff, /. Biol. Chem., 1945, i6l, 389. 

® ChargafE and West, Md., 1946, 1 66, 189. 

» Chargaff. ibid., 1948, 173, 253. 

Chargaff and Green, ibid., 1948, 173, 263. 

Cohen and Chargaff, ibid., 1940, 136, 243. 

Chargaff, Moore and Bendich, ibid., 1942, 145, 593. 

Chargaff and Bendich, Science, 1944, 99, 147. 

Chargaff, Bendich and Cohen, J. Biol. Chem., 1944, * 5 ^* 



ERWIN CHARGAFF 


123 

It is not certain that a single conception of the structure of tissue 
lipo-proteins will be applicable to the various compounds encountered. 
It would seem that the thromboplastic protein occurs in the form of 
extremely heavy particles composed of alternating lipid and protein 
layers. These particles may be assumed to be surrounded by a water 
barrier which prevents cleavage by ether alone, but can be removed by 
freezing. 

As to the localization of the thromboplastic protein within the cell, 
it could be shown that the activity was confined to one cell fraction ; 
the nuclei and the soluble proteins of the cytoplasm were free of activity.^® 
The cell membrane could not be investigated. 

Many other types of cellular lipo-proteins could be discussed ; but 
this would not be very helpful since our ignorance of their structure 
and behaviour is almost complete. In conclusion, some work, recently 
carried out in our laboratory, on the macromolecular lipo-proteins of 
plants and of yeast will be mentioned. 

The chromoproteins of animal and plant cells represent important 
instances of lipid -protein complexes. One could mention the very labile 


TABLE I. — Composition of Chromoproteins 


Source 

Sedimentation 
in centrifuge | 

Composition of lipo-protein 

Composition of 
lipid-free residue 

N 

P 

Total 

lipids 

N 

P 

% 

% 

% 

% 

% 

Spinach 

5,000 g 
31,000 g 

9*7 

9-4 

0-12 

0*19 

32*4 

32*0 

13-8 

13-2 

' 

0*11 

o*i6 

Carrot 

g 

31,000 g 

5- 6 

6- 4 

1*3 

I*I 

23-4 

31-8 

7*7 

8-0 

1-3 

0*7 


visual purple and also the chloroplasts and chromoplasts of plants. 
The occurrence of coloured macromolecules in plant juices has been 
known for a considerable time. Recent work on the green lipo-protein 
particles of spinach leaves and the orange-coloured particles of carrots 
was carried out, in collaboration with Dr. M. A. Nyman, with the 
purpose of using the same centrifugal methods that had been applied 
to the study of the thromboplastic protein from animal tissue. The 
composition of some coloured lipo-proteins of plants is shown in Table I. 
The spectrum of the spinach macromolecule shows maxima at 4400 
and 6820 A. The yields of this green protein vary somewhat, but lie 
around i g. per kilogram of spinach leaves. It was of interest to deter- 
mine whether the pigment distribution in these isolated fractions 
differed from that of the total leaves. This does not seem to be the 
case. The pigments attached to these complexes could be separated 
by chromatographic adsorption and shown to consist of chlorophyll 
a and b, of carotenoids (mostly p carotene with about lO % a), and of 
xanthophylls. The protein residue, following the removal of lipids 
and pigments, was low in phosphorus. Occasionally preparations 
were, however, obtained with a higher non-lipid P ; and the important 


“Chargaff, /. Biol. Chem., 1945, 160, 351. 
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question whether the lipo-protein granules of the chloroplasts are nucleo- 
protein complexes will have to await a more conclusive answer. 

The spectrum of the orange-coloured preparation from carrot 
showed a maximum at 2700 A and a plateau with several small peaks 
between 4200 and 5000 A. The small particles, sedimented at very- 
high centrifugal speed, and the coarse particles, deposited at about 
5000 g, both had very similar spectra. The yields were 0*ll to 0*17 g. 
per kilogram of carrots. The lipid-free protein residue was quite rich 
in phosphorus, some of which appeared to be pentose nucleic acid, but 
the bulk a phosphoprotein. 

Recently, an orienting study of the lipo-proteins from yeast cells 
was carried out.^® When washed yeast cells are ground in a bacterial 
mill, the supernatant, following centrifugation at 1900 g, is opalescent 
and deposits a sediment at 31,000 g which proves to be almost homo- 
geneous in the electrophoresis cell. The lipids (22 to 26 % of the 
material) were characterized by an extremely high iodine value (about 
130) and contained roughly 20 % ergostcrol. The study of the phos- 
phorus distribution in the lipid-free protein residue revealed about 
12 % acid-soluble P, 26 % lipid P, 35 % nucleic acid P (of which about 
one-seventh consisted of desoxyribonucleic acid), 12 % “ phospho- 
protein.*’ 

Department of Biochemistry ^ 

Columbia University^ 

Netv York. 

Nyman and Chargaff, J, Biol. Chem. (in press). 
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Prof. E. J. Cohn {Harvard) said : I was delighted to hear Claude’s 
magnificent contribution. The return to the study of morphology with 
chemical methods brings to mind the courageous departure, early in this 
century, of W. B. Hardy, from traditional cytology in quest of the 
chemical nature of the interactions with native proteins of reagents then 
in the microtomists vade maecum.” Although Sir William did not 
himself return to the study of morphology, his studies laid the foundation 
not only for a new colloid chemistry but for a new chemical morphology. 

During the last three years, a large group of able investigators have 
collaborated f to develop a satisfactory system for the chemical fraction- 
ation of liver. When precautions are taken to permit separation of the 
components of liver more nearly in their state in nature, vitamins, such 
as the active principle effective in pernicious anaemia,^ and enzymes, 
such as the catalase crystallized by Sumner, have been found to exist 

* On preceding paper and the lecture delivered by Prof. A. Claude (Brussels). 

t Including B. Norborg from Sweden, 1946-47 ; Derouauxfrom Belgium, 1947- 
48 ; H. Nitschniann from Switzerland, 1947-48 ; M. J. Hunter from Scotland. 
1948 ; R. W. Greene, 1948-49 ; F. W. Kahnt from Switzerland, 1948-49 ; and 
D. M. Surgenor in our laboratory ; J. D. Porsche and J. B. Lesh in the Armour 
Laboratories ; and a Committee of the Haematology Study Section, National 
Institute of Health. 

^ E. J. Cohn, D. M. Surgenor, R. W. Greene, J. D. Porsche, J. B. Lesh, and a 
Committee of the Haematology Study Section, National Institutes of Health, and 
others including B. Norberg, Sweden ; G. Derouaux, Belgium ; and H. Nitschmann, 
Switzerland, The Preservation of the Formed Elements and of the Proteins of the 
Blood, American Red Cross, 1949, p. 257. 
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as parts of large protein complexes.® In our new process, in the interest 
of maintaining components in the solid state fractional extraction in 
ethanol-water mixtures is employed, rather than gross extraction followed 
by fractional precipitation. Furthermore the system is designed to extract 
enz3mies in fractions which do not contain their substrates. Thus 
esterase, phosphatase and xanthine oxidase are initially extracted in 
one direction before separation by sub-fractionation, catalase complex 
and the protein bearing the active principle effective in pernicious anaemia 
in another, cathepsins, desoxypentosenucleoprotein, and pentosenucleo- 
protein in still others. 

The possibility of employing the general principles of our ethanol- 
water fractionation system to discover the distribution of the proteins 
in a tissue was considered with Prof. Caspersson of Stockholm on the 
occasion of his Dunham Lectures at Harvard in 1946. Where, in our 
large-scale operations comminution in the frozen state is employed to 
break cell walls, fractional extraction from frozen sections cut by the 
microtone, was envisaged. The temperature in the frozen section, as 
in the chemical process, is raised to just above the freezing point for the 
purposes of the extraction. After each extraction the section would 
immediately be returned to the frozen state. 

Using chemical methods it was found, by Norberg, that no protein 
was extracted at low ionic strength near pH 6 by 60 % ethanol (by volume 
at 25° C) at — 30"^. A considerable number of the most soluble proteins 
have now been identified in the fraction extracted at 35 % ethanol at 
— 18® ; still others at lower ethanol concentrations and higher temper- 
atures, all below 0° C. However, the nucleoproteins remain in the solid 
state, resisting extraction at low ionic strength, at this pH, in the presence 
of even small amounts of ethanol. They are, however, readily dissolved 
and purified after all proteins and any protein enzymes that arc soluble 
in 10 % ethanol at — 3® have been separated. When lij>o-proteins are 
to be extracted in their native state, freezing should clearly be avoided. 
No cholesterol has, however, been found in the desoxypentosenucleo- 
protein, purified by our present procedures. 

In reply to Prof. Claude, unfortunately, or fortunately, we arc working 
with 50 kg. batches of fresh bovine livers, perfused so as to remove blood 
proteins, chill and inhibit enzyme action as rapidly as our present technique 
permits. We have feared the delays of introducing mechanical separa- 
tions before bringing the system to a more stable state by enzyme in- 
activation or separation. Further technical developments which are 
planned should make it possible more nearly to approximate the state 
in nature of the protein components separated from a tissue. 

Prof. A. Frey-Wyssllng {Zurich) said : Whether the membranes 
of cells, chloroplasts, mitochondria, nuclei and nucleoli are more lipid 
membranes or lipo-proteins can be decided by cytological observations. 
If such a membrane shows active changes of shape (amoeboid movement) 
as is known from cell membranes and from chloroplast membranes, there 
must be some contractile protein involved. 

Prof. A. Claude {Brussels) said : Electron-micrographs of cell mem- 
branes, especially those of haemolyzed erythrocytes, and of the membrane 
of cell inclusions such as nuclei, mitochondria, and chloroplasts, indicate 
that membranes are differentiated structures, distinct from the under- 
lying cytoplasm. It is possible that proteins take part in the constitution 
of membranes of living cells. The existence of amoeboid movements 
does not imply that contracting proteins must be present. The plastic 
properties of phospholipid membranes is well known, and myelin figures 
can duplicate many aspects of the morphology and movements of living 

* E. J. Cohn, D. M. Surgenor, R. W. Greene, M. J. Hunter, F. W. Kahnt, and 
^hers including B. Norberg, Sweden, in 1946-47 ; G. Derouaux, Belgium, and 
H, Nitschmann, Switzerland, in 1947-48, Science, 1949, 109, 443. 
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cells. In fact, the presence of proteins seem to restrain the formation 
and mobilization of myelin figures.* 

Dr. A. B, L. Beznak {Birmingham) said : The investigations of Prof. 
Claude, as also other recent researches, prove the particulate structure 
of the cell interior. The question thus arises : how are the functions of 
these specific units co-ordinated and integrated into the life processes 
of one organized cell ? 

Hopkins * laid out the details and emphasized the importance of the 
specificity of the molecular structure of certain catalysts within the cell. 
In the chemical organization diffusion is the vehicle taking the organizing 
molecules from one spot to another and the specificity of the organizing 
molecule is the factor determining which of the functioning units will 
be activated or inhibited, i.e. organized. 

R. A. Peters spoke of a cytosceleton protein acting also as an impulse 
conductor between the cell membrane and the nucleus. Histological 
methods by staining with the impregnation of neuro-fibrils produce 
both in unicellular organisms (Gelei paramaecium) as well as in the cells 
of multicellular organisms pictures of a fibrillar system (Huzella). 

Prof. Claude suggested the function of the lipids to be the forming 
of a structural network — cytosceleton — ^in the cell. What is his opinion 
about the value of the histological observations as proofs of the existence 
of a conducting fibril system in the cell ? Are these — as is in his view the 
Golgi apparatus — artefacts, or does the living cell possess — similarly to 
the multicellular organism — both chemical organization and a kind of 
nervous conducting system ? 

Prof. A. Claude {Brussels) said : Investigations of recent years have 
demonstrated that a cell is not a continuum but is essentially composite, 
made up of entities that are distinct in organization and chemical com- 
position and, consequently, in functions. The co-ordination and in- 
tegration of the specialized activities of these various components : 
chromosomes, nucleoli, mitochondria, centrioles and, possibly, micro- 
somes, find its expression in the life of the cell. The question raised by 
Dr. Beznak is two-fold : {a) how are the biochemical processes performed 
within each morphological cell constituent and (6) how is the overall 
activities of the separate cell constituents mediated and co-ordinated 
within the cell. 

Mitochondria, for example, are small elements limited by a semi- 
permeable membrane which, like that of the cell, is probably endowed 
with selective properties. Within the boundary of this membrane are 
enclosed various enzymatic systems such as the cytochrome-linked system, 
the fatty acid oxidase system, etc. It is possible that substrates (amino 
acids, etc.) are brought to the cytoplasmic granules by diffusion, and 
that certain end-products are carried away by the same process ; in 
view of the high specificity of biological reactions, however, and the fact 
that some of the enzymes mentioned have been found to be bound to 
phospholipid-protein complexes, it would seem more probable that im- 
portant parts of the metabolic activity of a cell, involving definite sequences 
of chemical reactions, are performed through the agency of rigid structures 
located, in the case considered, in the body of cytoplasmic granules. 

Interposed between the various cytopla.smic granules is the so-called 
ground substance, in which two major components have been recognized : 
(a) the microsome substance (15 % or more of the cell mass) and (6) an 
abundant, fibrous protein which is demonstrated especially by acid 
fixatives, and which is supposed to give to the cytoplasm its plastic 
properties. It is possible that the spindle and asters, organized in the 
cytoplasm at the time of mitotic division, belong to the same fibrous 
protein system. Observations on living cells indicate that this protein 
component of the ground substance is not a fixed structure but that, 

* Palade and Claude, /. Morphology, 1949, 85, 35 and 71. 

* Second Purser Memorial Lecture (1932). 
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through gel and sol formation, it contributes to the motility of the cell 
and to cytoplasmic streaming. The microsomes may be caught in this 
fibrous network, or even take part in the phenomenon of reversible 
gelation, but there is no information on this point. 

Lipids, especially phospholipids, have been found to constitute an 
appreciable proportion of the mass of mitochondria (about 25 %) and 
microsomes, where they occur in firm association with proteins and nucleic 
acids : the assumption is that phospholipids, through their hydrophobic- 
hydrophilic properties may contribute to the formation of stable structures 
by restraining the diffusion of otherwise soluble proteins. If these pro- 
teins are enzymes, as in mitochondria, it is conceivable that the presence 
of phospholipids may help in the constitution of reactive surfaces, and 
in the regulation of exchanges with the aqueous medium. Some of these 
points have been discussed in greater details in two preceding papers.® 

Prof. T. R. Parsons {Nigeria) said : Seeing that the mitochondria 
are the carriers of important enzyme systems and are in constant move- 
ment in the cell protoplasm, is it possible that this movement is directed 
in such a way as to carry the enzyme system to the substrate on which 
it is to act, and so to assist in the organization of chemical events in the 
cell ? 

Prof. A. Claude (Brussels) said : Movements of mitochondria, and 
cytoplasmic streaming, must activate exchanges, and insure uniformity 
in the medium. 

Dr. A. Lasnitzki (Birmingham) said : I should like to ask Prof. 
Claude : (i) whether there arc conclusive results which indicate that 

mitochondria are endowed with the property of sclf-di vision, especially 
during the process of cell proliferation, and if so, (2) whether there is 
any evidence that the self-division of each mitochondrion is accompanied 
by a co-ordinated self-division of each of the various enzymes contained 
in it. I think it is improbable that the regeneration of enzymes during 
cell proliferation takes place through a synthesis of new enzyme mole- 
cules from the available building material (amino acids, prosthetic groups, 
etc.), since this synthesis would require the presence of other enzymes 
which might be called superenzymes Obviously, these would also 
have to undergo regeneration in the course of that process and thus the 
question of origin would merel}'' be shifted from the enzyme to the super- 
enzyme. For this reason the self-division of enzymes becomes the far 
more probable alternative, and it can well be said that the problems 
involved may open up, at some future time, a ncAV and ])romising field 
of enzyme research. Further, it would be interesting to know : (3) 

whether in the tiny body of a mitochondrion, with its considerable enzym- 
atic activity, there will be much room for any kind of protein which is 
not enzyme-protein, and I may mention in this connection that some 
time ago Virtanan * has come to the conclusion that, at any rate, the main 
portion of protein contained, for example, in a yeast cell is likely to consist 
of enzyme-protein. 

Prof. A. Claude (Brussels) said : In cc-ntrast to chromosomes, wdiich 
duplicate according to their length, mitochondria appear to grow' by 
elongation, and may fragment during cell activity. In certain germ 
cells, mitochondria become arranged in ring or bundles, perpendicular 
to the metaphase plate, and are divided passively by the constricting 
furrow, so that opposite halves are retained by the two daughter cells. 
It is clear that enzymes or complexes of enzymes must be uniformly 
distributed along the filament ; otherwise, repeated, transverse sub- 
division of a mitochondrion would eventually result in segregation and 
in loss of functions. 

In recent years, attention has been centred on the problem of 

^ The Harvey Lectures, 1947-48, 43, 121 ; Advances in Protein Chemistry, 1949, 

Sf 423. 

® Virtanen, Suomen Kemistilehti B, 1942, 15, 
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re-duplication of gene substance, although it is obvious that all the other 
cell structures are also being reproduced during cell growth, or at the time 
of cell division. It is probably an error to attempt to visualize reduplica- 
tion as a unique event, dissociated from other, concomitant activities 
of the cell. The activity of a cell is the expression of the integration of 
individual and diverse, but tightly interlocked, biochemical activities. 
When speaking of self-du plication it should be remembered that the 
synthesis of a single protein molecule must involve many specific enzymes, 
working in proper sequence, and an adequate supply of energy. The 
reduplication of a part of a gene, on the one hand, the production of a 
particular enzyme in a mitochondrion, on the other hand, may be but 
intermediate steps in a single, however complex, biochemical cycle, each 
product in turn taking part and thereby directing the speed and specificity 
of the same, or other interlocked chemical cycles. 

It has been calculated ’ that the solid matter present in a mitochondrion, 
2 p. long and 0*5 /x diam., would amount to 1*4 x io~’ y, and that proteins 
may account for about one-half of the mitochondrial body, or about 
o‘7Xio~’y of the bulk. If we assume that each mitochondrion has a 
complement of, let us say, 25 different enzymatic systems, each such system 
being composed of 20 different protein molecules, it appears that there 
could exist, simultaneously in the same mitochondrial unit, as many as 
2000 duplicates of each of the 25 enzymes postulated. If we remember 
that only a few enzymes have been detected in mitochondria, there is 
room for many more to be isolated or discovered. 

Dr. G. Popjak (London) said : Prof. Claude has asked for any in- 
formation that might l)e available regarding the nature of function of 
microsomes. Gordon Ada, from Australia, working at the National 
Institute for Medical Research, studied the turnover of phospholipids 
with the aid of P®* in the mitochondria,*' “ microsomes,** and “ super- 
nate ** prepared by differential centrifugation from rabbit liver. The 
specific activities of phospholipid-P (counts/min. mg. P) were followed 
from i to 72 hr. after the injection of inorganic 32P04'^. Three distinct 
specific activity-time curves were obtained : at all time intervals the 
specific activity of the microsome phospholipids was the highest, next 
in order being the phospholipids obtained from mitochondria. The 
phospholipids extracted from the supernate had the lowest specific activ- 
ities. Since these three curves never crossed each other, Ada concluded 
— quite safely, I think — that within the intact cell the microsomes have 
a metabolism distinct from that of mitochondria and that the micro- 
somes are not derived from mitochondria. The relationship between 
the specific activity time curves of mitochondria — and plasma-phospho- 
lipids was such as to suggest strongly that the latter are derived from the 
former according to the criteria of Zilversmit, Enteiiman and Fishier. 

Prof. A. Claude (Brussels) said : The demonstration of the micro- 
somes as particulate constituents of cytoplasm rests mainly on their 
isolation by differential centrifugation. At the moment, the evidence 
derived from electron microvseopy is not entirely conclusive ; on the other 
hand, attempts to demonstrate in microsomes distinctive biochemical 
properties have not been successful. The position that could be taken, 
with respect to the nature of the microsomes, may be (a) that the micro- 
somes exist as distinct particulate elements in living cytoplasm, or (b) 
that they derive from the breakdown, during tissue manipulations, of 
other cell constituents. For instance, the microsomes might be suspected 
to represent debris of mitochondria, since both have been found to contain 
the same tyi>es (jf lipids, and ribose nucleic acid. The introduction by 
Palade ® of hypertonic sucrose as a medium of choice for the isolation of 
mitochondria led to results which seem to support the view that mito- 
chondria and microsomes are separate entities : in sucrose, mitochondria 

’ Claude, Advances in Protein Chemistry, 1949, 5, 423. 

^ Proc. Soc. Expt. Biol. Med., 1947, ^ 5 » 
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appear exceptiq^lly well preserved and ^ll^y retain for a considerable 
time their specific activity ; microsomes separated from sucrose extracts 
appear also more stable, and no less abundant than when obtained from 
saline extracts. 

The data mentioned by Dr. Popjak are interesting in that, to my 
knowledge, they constitute the first results pointing to a fundamental 
difference in the origin of microsomes and mitochondria. The use of 
isotopes should furnish results of the same interest regarding the origin 
of ribose nucleic acid in the same cytoplasmic elements. 

Prof. A. G. Frazer [Birmingkam) said : Prof. Claude's remarks on 
the Golgi apparatus are most interesting. The Golgi apparatus is well 
developed in the cell of the small intestine and it increases markedly 
in size during fat absorption. Histochemically the Golgi apparatus 
gives the usual reactions of phospholipid. Phospholipid is probably 
formed in increased quantities during fat absorption provided that the 
cell is not deprived of the essential raw materials for phospholipid forma- 
tion. At the same time there are undoubtedly streaming effects within 
the cell due to the absorption of water and other materials. Thus the 
conditions described by Prof. Claude are fulfilled. However, even if 
the Golgi apparatus is eventually shown to have little morphological 
validity in living cells, its existence or development under standard 
conditions may still provide useful information with regard to intracellular 
activity. 

Prof. A. Claude (Brussels) said : The data presented in the recent 
papers of Palade and Claude ® demonstrate that the Golgi apparatus is 
represented by myelin figures produced in cells during fixation and im- 
pregnation. These observations do not detract from the fact that 
different cells may have distinctive lipid metabolisms, and that the dis- 
tribution in cells of free phospholipid droplets, which give rise to myelin 
figures, may be indicative of typical cell activity, for example, intensive 
phospholipid metabolism, or oriented cytoplasmic streaming. 

Dr. A. S. McFarlane (London) .said : I would like to draw attention 
to a letter in Nature recently, contending that the chromatinic threads 
prepared by Claude's and other processes bear no morphological relation- 
ship to chromosomes. I have been engaged in studies of fragments of 
avian erythrocyte nuclei and I can subscribe to the view that the size 
and shape of the chromatinic threads depends on the shearing force used 
to break the nucleus and the manner of its application. In drawing 
attention to this, I do not wish to detract from the merits of Dr. Claude's 
general technique of separation, which, so far as other cell structures are 
concerned, I find to be most reliable. 

Prof. A. Claude (Brussels) said : In our original paper with Potter, 
we draw the attention to the evident relation between the strands that we 
had isolated from resting nuclei, and chromosomes, but w^e were careful 
to refer to them mainly as chromatin threads : cytologists agree, I believe, 
that metaphase chromosomes differ morphologically from the chromatin 
formations seen in “ resting " nuclei. 

I concur with Dr. Macfarlane that chromatin threads may be pro- 
foundly affected by the shearing action, and the traction, to which they 
are subjected during mechanical separation. However, our original data, 
as well as recent observations on sedimented nuclei and especially on 
phase difference microscopy of living cells in tissue culture, indicate that 
resting nuclei actually contain chromatin threads resembling those isolated 
by differential centrifugation. 

The conclusion based on the electron micrograph published in the 
paper of Lamb (referred to in this Discussion) is obviously unwarranted : 
the preparation used for electron microscopy was too thick to permit 
differential absorption and transmission of electrons and, consequently, 
could not reveal details of structure. In the electron microscope, salivary 


• /. Morphology, 1949. 85, 35, 71. 
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glands chromosomes of Drosophila are uniformly absorbing ; replica of 
the same elements reveal the fine morphology already demonstrated 
by light microscopy.^® 

There is no doubt that the chromatin isolated by differential centri- 
fugation is altered not only morphologically, but also chemically. The 
physiological saline used is a precipitant of desoxyribonucleoproteins and, 
therefore, may not be a favourable medium for the preservation of the 
morphology of chromatin. 

Palay and Claude, J. Expt. Med,^ 1949* 431. 


MORPHOLOGICAL ASPECTS OF 
THE LIPO-PROTEINS IN CHLOROPLASTS 


By a. Frey-Wyssling 
Received 20 th May, 1949 

The chloroplast of higher plants consists of (a) a membrane of fibrillar 
proteins ; (h) a stroma of globular proteins (no gel-like framework has been 

discovered as yet, although one might exist in the living chloroplast) ; {c) 

granules, with possibly a layered protein texture. Probably all three elements 
contain lipo-proteins when in the intact chloroplast, but as soon as the chloro- 
plast is isolated and prepared for closer morphological examination, the lipids 
dissociate from the protein as myelin forms. Therefore, we do not know the 
exact location of the lipids in the membrane and the stroma, but in the granules 
they probably are adsorbed as molecular films. 

The biochemical investigation of the chloroplast destroys these details of 
the structure, and what is actually examined is a mixture of at least three 
morphologically different things. A real understanding of the chemical com- 
ponents of chloroplasts will be possible only after methods have been developed 
to separate these tiny elements from each other and to analyze them individually. 


Chloroplasts have a very high content of extractable lipids. Pre- 
cipitated chloroplast material from spinach leaves, as well as whole 
chloroplasts separated by centrifuging have the composition ^ shown 
in Table I. The ratio lipids/protein is about 2/3, or, with isolated 

TABLE I. — Analysis of Chloro plastic Matter of Spinacia oleracea in 

% BY Weight 



Menke* 

Chibnall* 

Bot*(a) 

Comar *(&> 

Lipids 

37*4 

25-1 

26-32 

34 

Protein 

47*7 

39-6 

42-54 

54 

Ash 

7-8 

16-9 

— 

7 

Residue . 

7*1 

18-4 

16-25 



^ Rabinowitch, Photosynthesis and Related Processes (Interscience, New York, 
1945). Vol. I, p. 372. 

* Menke, Z, physiol. Chem., 1938, 257, 44. 

* Chibnall, Protein Metabolism in the Plant (Yale Univ. Press, New Haven 
and Oxford Univ. Press, 1 -ondon, 1939), p. 137. 

* (a) Bot, Chronica Bot., 1942, 7, 66, and Diss. (Leiden, 1939). {b) Comar, 

Bot, Gas., 1942, 104, 122. 
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chloroplasts (Menke *), even 3 / 4 - Half of the lipids consist of fats, 
20 % of sterines, 16 % of raw wax, and 2-7 % of phosphatides 
(Menke and Jacob ®). 

Results of Li^ht Microscopy. — The morphological distribution 
of these lipids is peculiar. The chloroplasts of higher plants have a 
granulated structure, with green granules imbedded in a colourless 
stroma. These granules have a diameter of a fraction of a ^ ; they 
are not globular but rather have the shape of small discs. Staining 
experiments with Sudan or Rhodamin B yield an accumulation of 
these fat-staining dyes in the granules, and leave the stroma unstained 
(Weier,® Strugger ’). This would indicate that the lipids are located 
in the granules. These granules, however^ do not consist merely of 
lipids and pigments. If the chloroplasts are treated with fat solvents, 
the lipids are extracted, but the granules remain (Granick,® Menke ®), 
so they must contain a protein ground mass. This is also indicated 
by their shape, which ought to be spherical if there were no structural 
proteins present. 

On the other hand, it is not possible that all the lipids of the chloro- 
plast arc located within the granules, because their total mass is much 
too small to contain 1/4 or even 1/3 of the dry weight of the chloro- 
plast which the lipids make up (see Table I). According to Granick,® 
the chloroplast of spinach contains 40-60 granules, 0-6 /x in diameter 
and 0'08 /x thick. Since in some instances it has been po.ssible to photo- 
graph the granules in profile with the light microscope (Heitz this 
submicroscopic thickness of o*o8 /x may be due to desiccation during 
the preparation for the electron microscope, and we may estimate the 
thickness of the fresh granules to be about 0*15 /x. The whole chloro- 
plast has a diameter of 5 /x and its thickness in the fresh state is about 
half of this. If we calculate the volume of the chloroplast as an 
ellipsoid, 4/3 X 2-5^ X 1*25 X tt, and that of the 50 granules as 
cylindrical discs, 50 X 0*32 x 0*15 X tt, wc obtain a volume ratio of 
1 5/1. Thus, the total volume of the granules is only 1/15 that of 
the whole chloroplast, obviously not enough to hold all the lipids of 
the chloroplast, especially if we bear in mind that the granules contain 
proteins in addition. 

We must conclude, therefore, that the stroma is also rich in lipids, 
although these lipids show no staining reaction. Both granules and 
stroma contain proteins, and we may ask what kind of interrelation 
exists between lipids and proteins in these different parts of the chloro- 
plast. If we assume a close connection to form a lipo-protein within 
the stroma, it may be that the protein which carries the lipid mole- 
cules is so hydrophilic and the lipid molecules so far apart from each 
other that fat-staining dyes cannot be accumulated. If such a view 
is to be reasonable, one must assume the arrangement of the lipid mole- 
cules in the granules to be such that dye molecules can be stored in 
between them. This would mean a closer packing of the lipid chains, 
^ by forming submicroscopic regions of pure lipid matter alternating 
with regions of protein. In this way another type of lipo-protein 

• Menke and Jacob, Z. physiol. Chem., 1942, 273, 227. 

• Weier, Amer. J. Bot., 1936. 23, 645. 

Strugger, Flora, 1937, 3 ^ 324* 

• Granick, in Franck and Loomis, Photosynthesis in Plants (Iowa State 
College Press, Ames, Iowa, 1949), p. 113. 

• Menke, Protoplasma, 1940, 35, 115. Heitz, Planta, 1932, 1 8, 616. 
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would occur, which, depending on the size of those regions, would repre- 
sent a colloidal mixture rather than a chemical compound. Probably 
the bonds between protein and lipids are looser in the granules than 
in the stroma. 

Morphological studies allow of characterizing the type of bonds 
in the stroma. When chloroplasts are treated with ammonia or other 
dilute alkalis, the lipids leave the chloroplasts and produce myelin 
tubes (Weber, Mcnke^^). This dissociation of protein and lipids 
seems to be a saponification. As it is also provoked by alkaline salts 
such as Na carbonate, Na oleate, Na glycinate, or even urea, which 
induce only a very mild saponification, the ester bond between lipids 
and protein must be very weak. 

We must conclude that not only the stroma lipids, but also those 
in the granules, are affected by this treatment with bases, because the 
chlorophyll, which is located in the granules, is removed by the treat- 
ment and stains the myelin forms green. 

Results of Electron Microscopy. — The cytological facts reported 
here will be used to interpret the electron micrographs of chloro- 
plasts which have already been published.^* Besides stroma 

and granules, a distinct plastid membrane has been disclosed as a 
third morphological element of the chloroplast. This membrane must 
consist essentially of proteins, as it displays the properties of a solid 
veil and does not show any sign of the liquid or semi-liquid state 
characteristic of lipid matter. It is probable that the living membrane 
contains lipids, but their amount must be small as compared with the 
total lipid mass in the chloroplast. Obviously they join the emigrating 
myelin. The proteins of this plastid skin must be of the fibrous type ; 
otherwise the formation of a textured membrane would not be possible. 

Under the membrane, the granules are visible as massy discs. The 
stroma, on the other hand, does not show a conspicuous structure. 
A beautiful photograph presented by Wyckoff gives evidence of 
globular macromolecules about 250-300 A in diameter, which lie on 
and between the granules. If the plastid membrane has burst, as 
usually occurs during the preparation of the chloroplasts, the whole 
carrier film is sprinkled with these globular bodies. This behaviour 
would indicate that the stroma is a corpuscular dispersion of macro- 
molecules, i.e. a sol. Since a sol has no framework, the characteristic 
shape of the chloroplast must be due to its membrane, much the same 
as in erythrocytes. This notwithstanding, there must be some organ- 
ization within the stroma, but this problem cannot be attacked as yet. 
The chloroplast can change its shape, or even form processes ; 
this faculty must be ascribed to the membrane, which may be com- 
pared with the ectoplasm of creeping protobionts. This again argues 
rather for a protein than a lipid ground mass of the plastid membrane. 

Weber, Protoplasma, 1933, 19, 455. 

Mcnke, ibid,, 1934, 279. 

Kausche und Ruska, Naturwiss., 1940, 28, 303. 

Algera, Beyer, v. Iterson, Karstens and Thung, Biochim, Biophys, Acta, 
I947» »» 517. 

“ Granick and Porter, Amer, J. Bot., 1947, 34, 545. 

16 Wyckoff (in press) . 

Frey-Wyssling and Muhlethaler, Viertelj. schr, Naturf, Ge$, Zurich, 1949, 
94 (in press). 

Senn, Die Gestalts- und Lageverdnderungen der Pflanzen-Chromatophoren. 
^Engelmann, Leipzig, 1908). 
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We may ask whether the macromolecules found by Wyckoff repre- 
sent lipo-proteins or only proteins. It is almost certain that the latter 
is the case. The preparations show very thin flat discs of 

various diameters up to 5/x and only ioo-2(X) A thick. It can be shown 
that before desiccation these discs were in a semi-liquid state. They 
never have folds, as the plastid membrane does, and dry perfectly 
smooth on the carrier film, even if they include isolated granules. 
There has been much discussion on the nature of these discs. They 
have been looked upon as protein lamellae ® or phosphatide bladders 
(which is unlikely, as the chloroplast contains only o-5-2*5 % phos- 
phatides), but there is no doubt that they represent the total lipid 
matter of the chloroplast and must be considered as myelin forms. 
Thus, during preparation and drying of the chloroplast, the lipo-protein 
of the stroma disintegrates into myelinic matter which dries as smooth 
discs and globular protein macromolecules. 

It is likely that the lipids of the granules have also emigrated, 
because the granules as seen in the electron microscope consist merely 
of proteins. Washing with lipo-solvents does not alter them.^» 
They seem to be layered much like a low pile of coins. Occasionally 
such a pile appears to be overturned ; then a series of very thin 
lamellae, all of the same diameter, are visible. These must consist 
of protein. In the living state, the lipids in the granules probably 
were located between these protein layers. If this picture can be 
substantiated by further research, the granules of the chloroplast 
would represent a layered composite body with alternating protein 
and lipid lamellae. The chlorophyll is in close relationship with the 
granule lipids, because it emigrates together with them ; on the other 
hand, this pigment must be combined with the proteins for the trans- 
mission of the captured light energy. It will be an interesting problem 
to find out how the chemical notion of a lipochromoprotein fits in with 
the morphological conception of a layer composite body. 

Results of Polarization Microscopy. — There is a method of 
proving the existence of a layered body with the aid of polarized light 
and a special imbibition technique. As the granules are too small 
to be investigated in the polarizing microscope, the big chloroplasts 
of the alga Mougeotia have been used for this study.^® They have the 
shape of a rather thick plate which is as long and wide as the whole 
cell in which it is located. Further, they appear homogeneous in the 
light microscope, no granules having been detected as yet. When such 
a chloroplast is fixed and then observed in mixtures of acetone and 
methylene iodide with refractive indices ft increasing from 1*36 to 174, 
the double refraction changes following a hyperbolic curve. Accord- 
ing to Wiener’s theory of the anisotropy of composite bodies, this 
behaviour discloses a layered body, the lamellae of which are thin 
compared with the wave lengths of light. When the imbibition is 
made with a mixture of w = I'SS, the chloroplast becomes isotropic. 
This is the point where the lamellae have the same refractive index 
as the imbibing medium. As acetone removes the lipids the disclosed 
lamellae must consist of protein. It is of interest to note that muscle 
protein and neurokeratin from nerve sheaths also have a refractive 
power as high as 1*58. 

“ Frey-Wyssling and Steinmann, Biochim. Biophys. Acta, 1948, 2, 254. 

Schmidt, Z. wiss. Mikroshopie, 1937, 54 » I 59 - 
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If the chloroplasts are fixed with OSO4, the lipids become partly 
insoluble. Then we find, in addition to the variable lamellar double 
refraction above, a constant intrinsic anisotropy, independent of the 
refractive power of the imbibition medium, which is due to orientated 
adsorbed lipids. 

Thus, the chloroplast of Mougeotia is a microscopic object with a 
submicroscopic layered texture of protein lamellae and interposed 
orientated lipid matter. As related above there is some indication 
that the granules of the chloroplasts of higher plants have a similar 
texture ; and it would be of importance for the understanding of as- 
similation if the principle of lamination could be definitely established 
as a general principle for all chloroplasts. 

Dept, of Plant Physiology, 

S%Hss Federal Institute of Technology, 

Zurich {Switzerland). 


THE EFFECT OF DRYING UPON THE STRUCTURE 
OF MYELIN IN THE SCIATIC NERVE 
OF THE FROG 


By J. Elkes and J. B. Finean 
Received 2 nd June, 1949 

Using suitable observation cells, X-ray diffraction studies of frog nerve myelin 
have been carried out. The effect of slow drying and of lipid solvents upon this 
lipo-protein has been studied. Three stages could be distinguished in the drying 
process. Of these, the changes noted in stages I and II were reversible ; those 
seen in stage III were irreversible. Differences in the susceptibility of various 
spacings to lipid solvents were also observed. The diffraction spacings are given 
and the possible structure of the myelin unit is discussed. 


Preliminary observations on the structure of frog nerve myelin have 
already been reported,^ and served to confirm several findings of 
previous authors.^* 2 present experiments are essentially con- 

cerned with the effect of drying upon this lipo-protein. 

Experimental 

Source of Radiation and Diffraction Cameras. — Nickel filtered copper 
Ka radiation from a 5 kW rotating anode X-ray tube was used wherever 
possible. In experiments involving serial observation, short exposure 
was essential, and the radiation used here was not filtered. The diffrac- 
tion cameras have been previously described.® In most of the experi- 
ments it was inconvenient to work in vacuo. A glass tube, of varying 
length and about 3 in. diam., sealed at either end with cellophane, was 
therefore interposed between specimen and film. When filled with 
hydrogen this effectively reduced scatter by air. 

^ Schmitt, Bear and Clark, Radiology, 1935, 25, 13 1. 

* Schmitt, Bear and Palmer, J. Cell. Comp. Physiol., 1941, 18, 31. 

® Elkes and Finean, 1949 (in press). 



135 


J. ELKES AND J. B. FINEAN 

Observation Cells. — Only two are described. A number of modifica- 
tions were used in initial experiments. The first of these (Fig. i and 2) 
aimed at providing a means of exposing a section of frog sciatic nerve 
to varying degrees of humidity and to the vapours of a number of solvents, 
while at the same time ensuring adequate wetting throughout the rest of 
the preparation, and recording variations of X-ray diffraction patterns 
in the affected segment. Provision for recording the action potential 
was also made. The cell was constructed of polythene. It consisted 
essentially of four compartments : an irrigation cap A containing (accord- 
ing to the type of experiment) the spinal column or gastrocnemius muscle ; 
compartment B, through which the moist nerve passed into vapour 
chamber C. This was fitted with inlet and outlet tubes, making possible 



Fig. I. — Diagram of irrigation cell. 


the passage of vapours through the chamber at controlled rates and 
temperatures. Cellophane windows were provided for the passage of 
X-rays. The bottom chamber D was connected to chamber C by a short 
capillary S, through which the nerve was passed before being attached to 
a small hook in chamber D. The position of this hook could be varied 
so as to bring the nerve under slight tension. Frog Ringer solution was 
circulated continuously through irrigation cap A. Its slow drip down the 
nerve through compartment B, was regulated by valve X. A further 
valve Y was used to regulate the passage of Ringer solution along the 
nerve through compartment C. Compartment D was always filled with 
Ringer solution, any excess overflowing by way of an overflow tube. 
The section of the nerve in capillary S was thus always kept moist by a 
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short column of Ringer solution. A by-pass, short-circuiting B into D, 
was also provided. With valve Y closed, this lead the Ringer solution 
past compartment C so that the environment of the nerve segment in 
C could be altered independently of its condition in capillary S and com- 
partment B. A thermocouple was kept in contact with the nerve in 
compartment C, and also served as the earthing electrode in the action 
potential circuit. Platinum electrodes situated in the wall of capillary S 
were used to stimulate the preparation at i min. intervals. Action poten- 
tials were picked up by spaced electrodes in compartment B and recorded 
by means of a cathode ray oscilloscope in the usual way. 

The second cell (Fig. 3a and h) was designed to make possible the 
recording of X-ray diffraction patterns during swelling and extraction 
of the tissue by lipid solvents. It was essentially a small distillation 
flask, fitted with windows W made of thin polythene. The solvent was 
heated by a small electric heater H coiled round the bottom of the cell. 
The vapour condensed on a cold-finger type of condenser C, fitted into 
the top of the cell, the solvent running back down the nerve specimen 
hanging from the bottom of the condenser. Polythene windows were 
found suitable for use with alcohol, ether and acetone, but were attacked 
by such solvents as benzene and chloroform. 

Preparation of Frog Material. — As in previous experiments, the 
animals were stunned, decerebrated, and the sciatic neive freed as gently 
as possible throughout its course. In the preparation of some specimens, 
the whole of the spinal column wdth the sciatic nerve attached by its 
roots was removed, the nerve being cut between ligatures at a point just 
short of its entry into the gastrocnemius muscle. In experiments in- 
volving the recording of action potentials parallel with X-iay diffraction 
patterns, the gastrocnemius muscle was dissected out, together with the 
sciatic nerve. In this case the nerve was ligatured close to its spinal 
roots, and stimulated some distance away from this ligature. 

Procedure. — The general practice was to examine diffraction patterns 
of fresh and fully dried nerve in detail, using filtered radiation, and then 
to follow the intermediate stages of drying as frequently as time of 
exposure would permit (usually at 10 to 20 min. intervals). An attempt 
was also made to distinguish between the various long-spacing diffraction 
bands of fully dried nerve by observing their varying behaviour upon 
treatment with a number of solvents. The effect of rewetting of partially 
or fully dried tissue by Ringer solution was also studied. The following 
notes give some details of procedure. 

(a) Fresh Nerve. — Specimens were either mounted in the irrigation 
cell and kept moist by Ringer solution in the way already described, 
or sealed in a thin- walled glass capillary tube containing Ringer solution. 
An alternative was to place the specimen in a capillary tube dipped into 
a vessel containing Ringer solution. Slight tension was usually applied 
to the s|>ecimen by attaching a w^eight of i to 2 g. 

(h) Fully Dried Nerve. — Specimens, dried to constant weight in 
air or in vacuo were examined either in the open camera or in vacuo. 

{c) Intermediate Stages of Drying. — Two different procedures 
were employed. One was to ligature a length of nerve at either end 
and mount it across a wire loop ; serial exposures were then taken while 
the specimen was drying in the open camera. In other experiments the 
nerve was mounted in the irrigation cell. Irrigation was discontinued 
by closure of valve Y, and the rate of drying in chamber C controlled as 
far as possible by passing a stream of air of constant humidity through 
the compartment. In some of the experiments, action potentials were 
recorded at the same time. Time of exposure (at specimen to film dis- 
tances of 20 cm.) varied between 10 and 20 min. 

{d) Rewetting of Partially or Fully Dried Nerve. — Rewetting 
was effected immediately after recording the diffraction pattern, either 
by soaking the material in Ringer solution for 30 min., or alternatively, 
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by starting the flow of Ringer solution along the nerve in compartment C. 
The changes in diffraction pattern were followed in stages. 

{e) Treatment of Dried Nerve by Lipid Solvents and their 
Vapours. — Some of these experiments were carried out in the irrigation 
cell by first drying the nerve in compartment C, and then adding solvent 
vapours to the air stream passing through the compartment. Other 
experiments were carried out by refluxing the specimen in the distillation 
cell, several exposures being made whilst distillation was in progress. 


Results 

In the Figures which follow, any dimension given for a particular 
diffraction spacing represents the mean value derived from a number 
of experiment, carried out under slightly varying conditions. The 
maximum variation observed in these experiments is stated. 

( a ) Fresh Nerve in Ringer Solution. — Diffraction patterns were 

obtained from 25 preparations. Of these, five were examined at a specimen 
to film distance of 4*5 cm. and the remainder at 20 to 40 cm. With the 
incident X>ray beam perpendicular to the fibre direction, the diffraction 
pattern showed a broad diffuse ring, with marked meridional intensification 
at 4*7 ± 0*1 A and equatorial spots at 15*0 i 0*2 A (Fig. 4a) and 
further equatorial spots at 34*2 rh 0*5 A, 42*7 ± i*o A, 57*0 i 1-5 A and 
85*9 =t i'5 A (Fig. ^ h ). An additional faint band at approximately 
172*0 A was also detected (Fig. 4c). With the incident beam parallel 
to the fibre direction (Fig. 4c) the diffraction bands furnished the same 
dimensions but did not show the same degree of orientation. The 
application of tension increased the orientation of the 4*7 i o*i A and 
15-0 i; 0*2 A spacings (compare Fig. 4a and but left the longer 

spacings relatively unaffected. 

(b) Fully Dried Nerve. — ^Twenty specimens were examined, five a 

specimen to film distances of 4*5 cm. and the remainder at 20 to 40 cm. 
The patterns did not differ materially from each other, provided drying 
was complete. The short spacing ring at 4*7 i o*i A was broad, diffuse 
and showed no localized intensification. In two of the patterns, this 
spacing showed signs of splitting into several rings. All long spacing 
patterns showed intense bands at 73*5 rfc i*5 A and 43*0 ± i*o A (Fig. 
5a and h). With the beam perpendicular to the fibre direction (Fig. 
5a and h) the former spacing showed equatorial accentuation comparable 
with that seen in fresh nerve ; the latter showed only very slight orienta- 
tion. No orientation could be detected in patterns obtained by irradia- 
tion parallel to the fibre direction (Fig. In 13 of the patterns there 

was a faint band at 6o-o ±i*oA (Fig. 5b), The remaining ii showed 
a more intense band at 56*5 i i*o A (Fig. 5a). The orientation of these 
bands was very similar to that of the 73*5 i 1*5 A band, but by care- 
fully heating the sf)ecimen to about 90° * it was possible to destroy the 
orientation of the 56*5 or 60 A bands without affecting the one at 
73 '5 -± 1*5 A. In six of the more intense patterns produced by ex- 
posures between 40 and 60 min., a faint band was observed at 34*5 i*o A 
(Fig. 5d). In six others a band of similar intensity was seen at 37*5 i i*o A, 
whilst in one case both bands were seen in the same pattern. As far as 
could be judged, these bands showed little preferred orientation. In three 
long spacing patterns an additional faint band at 143*5 dt 3*0 A could 
be resolved (see Fig. 5a and b). 

(c) Intermediate Stages of Drying. — Ten series were examined, 
involving 79 exposures. The beam was kept perpendicular to the fibre 
direction throughout. Fig. 6 summarizes the findings in a typical experi- 
ment, and some typical diffraction patterns are shown in Fig. 7. A similar 
sequence of events was observed in all experiments, though the rate 
necessarily varied from one series to another. By following the changes 
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in position and intensity of the individual bands, three stages could be 
conveniently distinguished. These are summarized in Table I. 

[ d ) Treatment of Fully or Partly Dried Nerve with Ringer 
Solution. — Specimens treated with Ringer solution at any point during 
stages I and II showed a return to what appeared to be their original 
pattern. The usual sequence of changes could be detected upon re-drying 
the material. No such reversibility was observed with preparations 
dried to stage III. Instead, the pattern obtained upon rewetting with 
Ringer solution showed two well-defined and intense bands at 48*0 i i*o A 
and 96*0 i 3*0 A (Fig. 86). On re-drying the material, an unusual dried 
nerve pattern, showing three bauds of similar intensities at 43-0 ± 1*0 A 
61 -o ± i-o A and 99-0 db 3’0 A could be seen (Fig. 8c). Each step in 
these experiments has been repeated six times. 

It was also of interest that in the five experiments in which the action 
potential was recorded during a drying series, no response could be 
picked up in compartment B (Fig. i) if drying had been allowed to 

Summary or changes in pirrA action Patte rn purine Dryinq- 

Spacings . 


ZOA 30A 40A SOA 60 A 70 A 80A 90A /OO A 


5 

50 

70 

8 t 

$2 

Drying time tO$ 
(minutes). //4 

m 

220 



1 

A 



1 


- 

ft 

• 



1 . 

1- ... 



1 




f 

A- 



1 




1 




J 





1 - 



_ 1 





1 



I 





1 



1 





f 



1 





A 


1 






1 


f 


wmmmm 

250 

280 

5!0 

340 

370 

405 



. .A 

ft 


t 





_ • 

.ft 


1 





t 



1 





_ 1 



i 





- .1 



1 





L— 1 








Upicf 9xtr. 


J 

Fig. 6 


proceed beyond stage II ; the significance of this must at present remain 
an open question, 

(c) The Treatment of Fully Dried Nerve with Lipid Solvents 
AND their Vapours. — Full details of these experiments will be published 
elsewhere, but a few photographs are reproduced to illustrate the varying 
behaviour of some of the diffraction bands on treatment with lipid solvents. 
Fig. 10 shows the effect of ether on the dried nerve patterns. Extrac- 
tion in this experiment was slight, and the spacings characteristic of 
dried nerve could be made to re-appear on leaving the specimen exposed 
to air for a few hours. A slight loss in the orientation of the 60*0 i i‘0 A 
spacing, seen in the re-dried specimen, appeared to be the only detectable 
effect of this initial exposure to ether. 

Similar reversibility was observed following treatment with acetone 
(Fig. ii). Treatment with alcohol, on the other hand, irreversibly re- 
moved the 73*5 ± 1-5 A spacing (change (a) to (6) Fig. 12), though re- 
versibility in a later phase ((6) to (c)) was maintained. Prolonged treat- 
ment with any of the solvents invariably resulted in the extraction of 
lipid material. The diffraction spacings of this material were of interest 
when compared with those of the original, and the residual, tissue.*» ® 
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TABLE I. — Summary of Changes in Diffraction Spacings Observed 
DURING Intermediate Stages of Drying 


Diffraction 
Spacings A : 
Fresh Nerve 

Stage I 

Stage 11 

Stage III 

Diffraction 
Spacings A : 
Fully Dried 
Nerve 

4-7 ±0-1 

Loss of meridional intensification 

4-7 ±0-1 

15*0 ±0*2 

Disappears 

Not seen 

Not seen 


34-2 ±0-5 

Disappears 

Not seen 

Faint bands at 
34-5 ±i-oA 
and /or at 
37-5 ±i-oA 
detected on 
long exposure i 

34-5 ±10 

and/or 
37-5 ±1-0 

42-7 ±1-0 

Disappears 

Not seen 

Intense band, 
showing only 
slight equatorial 
orientation 
appears at 

43-0 ±1-0 A 

43*0 ±1*0 

57*0 ±1*5 

Position un- 
changed, but 
marked increase 
in intensity until 
it equals that of 
the 85*9 ±1-5 A 
band 

Slight loss of 
orientation 

Drastic decrease 
in intensity, 
ultimately re- 
placed by a faint 
band at 

60*0 ±1*0 A* 

56-5 ±1-0 
or 

6o-o ±1-0 

85 * 9 - 1 1*5 

Little change 

Rapid shrinking 
of dimension ; 
some fading of 
the band during 
the middle of i 
the stage ; 
ultimately re- 
placed by 
intense band 
at 73-5 ±1-5 A 

No further change 

73-5 ±1-5 

172 0 ±*3 

Changes could not be followed owing to long 
exposures required to record this spacing 

143-5 ± 3-0 


* In II of the 24 fully dried nerve specimens examined, a moderately intense 
band at 56*5 ± i*o A was seen instead of the faint band at 6o*o ± 1*0 A. 


Discussion 

The marked equatorial orientation of the long spacings in the 
diffraction patterns of fresh nerve, obtained with the beam perpendicular 
to the fibre axis, and the loss of such orientation in photographs taken 
parallel to it, suggests a radial orientation of the diffracting units with 
respect to this axis. Comparison of the position, and the relative 
intensities of the diffraction bands suggests that they may be related, 
and may in fact be orders of a fundamental spacing. Calculation from 
the dimensions given in Fig. 4t, would put this at I7I'I5 A (i == ± 0'4I A 
or a simple multiple of this figure. The 15*0 d:: 0*2 A spacing resembles 
the larger spacings so closely, both as regards definition and orientation 
that it may reflect a lower (nth or 12 th) order of the same fundamental 
spacing. In this case, a unit cell, measuring approximately 
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171 X 4*7 X 4*7 A® is suggested. Alternatively, the 15-0 dt A 
spacing may represent another dimension, perpendicular to the fibre 
direction. This would make for a unit cell of about 171-0 X 47X i5-oA® 
The effect of application of tension on the orientation of some of the 
diffraction bands of the fresh nerve pattern may reflect an improvement 
in the alignment either of the fibres within the nerve bundle or of some 
components within the structure of the myelin. 

The pattern of fully dried nerve lends itself to a number of inter- 
pretations, of which only two will be mentioned. On the one hand it 
is possible to regard the diffraction spacings as representing once again 
orders of a fundamental spacing : with the exception of the 56-5^ 1*0 A 
bands, the dimensions observed (i43*5 i 3*0 A, 73-5 d: i*5 A, 60*0 i 
i-o A, 43*0 ± i-o A, 37*5 ± i‘0 A and 34-5 i i-o A) correspond 
fairly well to the 2nd, 4th, 5th, 7th, 8th, and 9th orders of a long spacing 
of about 300-0 A — a dimension which might conceivably arise from a 
unit measuring 342 A (2 X 171 A) by the loss of water. Certain 
facts, however, are not in keeping with this interpretation. The 
57*0 rh A and 85-9 i i*5 A bands, seen at the beginning of stage II, 
would, on the above explanation, correspond to 6th and 4th order 
diffractions of a 342 A unit ; yet their behaviour throughout this stage 
appeared independent, the 85*9 A band shrinking rapidly, to be ultim- 
ately replaced by a spacing at 73-5 i 1-5 A, whereas 57*0 ih i'5 A 
band remained unchanged. The intermediate changes observed during 
stage II left little doubt about the gradual shift of the 85*9 ± i*5 A 
band, and its relation to the one seen at 73-5 db i*5 A. A similar 
independence between spacings was observed during stage III where 
(in 13 instances) the 57*0 ± i*5 A band shifted to 6o*o dz i*oA, no 
change being seen in the spacings at 43*0 di I'O A and 73*5 di i’5 A. 
The difference in orientation between the 43*0 di A and 73*5ihi*5 A 
bands (Fig. 5a) is contrary to what one would expect with orders of 
the same fundamental spacing and suggests that these, too, may be 
independent. This is borne out by the effect of lipid solvents. The 
lipids extracted from nerve, when dried, give spacings which correspond 
very closely to the 34*5 di I’O A, 43*0 di I'O A and 6o*o di 1*0 A 
spacings of the dried nerve pattern.^* ® Furthermore, in partial ex- 
traction of dried nerve by solvents, it is usually possible to detect a 
decrease in intensity in one or more of these bands parallel with the 
appearance of corresponding bands in the lipid extracts.^* ^ A possible 
explanation of the three lower spacings (34*5 di i*oA, 43*0 i ro A 
and 60 di 1*0 A) would therefore be that they correspond to first-order 
diffractions from groups of lipids which have broken away from the 
original structure on drying. The loss of orientation in the case of 
the 43*0 d: 1*0 A and 34*5 Al*oA spacings is in keeping with this 
explanation. No such loss of orientation could be detected in the 
56*5 d: I'O A (or 60 d: I'O A) spacings, though their behaviour on 
heating differentiated them from the well-orientated spots seen at 
73'5 ± i'5 A. This latter spacing (73-5 di l'5 A) is higher than any 
yet obtained from a single lipid (or mixture of lipids) in the dry state.^"^ 
Yet it is of interest that any change leading to a modification of this 
spacing (as, for example, treatment with lipid solvents or Ringer 
solution, and subsequent re-drying) was invariably accompanied by 

♦Bear, Palmer and Schmitt, J. Cell, Comp, Physiol., 1941, 17, 355. 

• Elkes and Finean (unpublished data). 

♦ Schmitt and Palmer, Cold Spring Harb. Symp. Quant, Biol., 1940, 8, 94. 
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an increase in the intensity of one or more of the lower spacings ; and 
that these spacings in turn were susceptible to (i.e. could be weakened 
or removed by) treatment with lipid solvents. Modification of the 
unit responsible for the 73-5 ± i*5 A spacing would therefore appear 
to result in a further separation of lipid material. This suggests that 
the original unit may be built of lipid and non-lipid components. The 
latter may be protein.^ 

Such a lipid-lipo-protein system may therefore serve as a possible 
basis for a second interpretation of the pattern of fully dried nerve, 
the 73*5 ih 1*5 K M3*5 db 3*0 A and 37-5 ± po A spacings being 
related as different orders of diffraction to a residual lipo-protein unit, 
whereas the 34*5 ± l-o A, 43-0 ± i-o A and 56-5 ± 1*0 A or 60 ± l-o A 
spacings could be due to the existence of separate phases of lipid. The 
persistent equatorial orientation of the 73^5 ± i*5 A spacing may 
conceivably be due to an orienting protein framework, with which 
the lipid retains van der Waals’ association in the dry state. To a 
lesser extent this may also apply to the equatorial orientation of the 
56*5 ± 1*0 A or 60 ih 1*0 A spacings. 

The intermediate changes observed during drying would appear 
to lend support to the above view. The rapid fading of the 427 ^ i*o A 
and 34*2 ± 0-5 A bands early during stage 1 and the striking increase 
in the intensity of the 57*0 ± i*5 A band may reflect a re-arrangement 
of the lipo-protein structure, or alternatively, a breaking-up of the 
original lipo-protein into two components characterized by bands 
57*0 it 1*5 A and 85’9 ± i*5 A respectively. The independent 
behaviour of the two bands during stage II favours the latter explanation. 
The rapid shrinking of the 85*9 ti 1*5 A spacing during this stage 
and its ultimate replacement by a band at 73*5 A i*5 A may indicate 
the removal of water layers either from within or from between the lipo- 
protein layers, whereas the slight disorientation observed in the 
57*0 it 1*5 A band may be in keeping with a possible separation of 
lipid during this phase. The reversibility of the changes during 
stages I and II may reflect the existence of preformed units measuring 
approximately 85-9 A and 57-0 A. The changes noted in stage III, 
on the other hand, would seem to indicate an irreversible breakdown. 
The appearance of a strong, poorly orientated spacing at 43*0 ^ i*0 A 
may reflect this change. 

A more detailed interpretation of structure may be possible when 
more information regarding the identities and properties of the in- 
dividual lipids and proteins is available. Such information is being 
sought by chemical analysis, spectrography, and by observing the 
effect of various enzymes upon this lipo-protein. 

We wish to thank Prof. E. K. Rideal, F.R.S., for the facilities 
generously provided to us at the Davy Faraday Laboratory of the 
Royal Institution, London ; Prof. A. C. Frazer for his interest in this 
work ; Dr. R. W. H. Small for much helpful discussion and criticism ; 
Mr. H. Smith for valuable technical assistance ; and the Medical 
Research Council and the Sir Halley Stewart Trust for financial support. 
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Prof. Frey-Wyssllng (Zurich) said : The chloroplasts shown in the 
electron micrograms have been broken down by distilled water, as they 
must be washed to remove the salts which would contaminate the electron 
micro pictures by crystallizing. Of course, it should be possible to separate 
the granules of the chloroplast and the macromolecules, but seemingly 
the high lipid content interferes unfavourable in crude chloroplast 
preparations. Grana suspension out of chloroplasts have not been ob- 
tained as yet. What has been described as such has been seriously 
criticised. 

Prof. W. T. Astbury (Leeds) said : I should like to ask where collagen 
comes into this story. Are there no indications of the presence of collagen 
in the myelin sheath even after extracting the lipid or lipo-protein which 
might conceivably overwhelm the collagen reflections in the fresh nerve ? 

Dr. J. B. Finean (Birmingham) said : X-ray diffraction patterns of 
nerve preparations, particularly of dried or extracted material, usually 
show a band at about 2*8 A, but the intensity of this band is very low 
when compared with the 4-7 A ring. The 2-8 A spacings may be due to 
collagen, but that the 4*7 A ring is mainly due to lipids is indicated by 
the fact that its intensity is much reduced when lipid is extracted from 
the preparation. It is, however, difficult to consider the 2*8 A spacings 
in terms of a possible protein component of myelin, since apart from the 
proteins of axoplasm, the material also contained the proteins of the 
peri- and endo-neurium. The latter almost certainly contains collagen, 
and variations in its content have been observed during various phases 
of Wallerian degeneration.^ The dominant diffraction pattern of nerve 
is certainly due to ordered lipid material. 

Dr. R. W. H. Small (Birmingham) said : Some points arise from Dr. 
Finean's paper : firstly, the sharpness of the bands in the dried nerve 
photograph attributed to pure lipid indicate that there must be com- 
plete detachment of the lipid from the protein framework. What remains 
then ? There are two possibilities : that the 142 and 73 A bands are 
due to a lipo-protein system of a more strongly bound type than that 
which gave rise to the free lipid, or, alternatively, that the residual bands 
can be interpreted in terms of a pure protein system. The 4*7 A meridion- 
ally accentuated band is strongly suggestive of the protein backbone 
spacing. 

Dr. J. B. Finean (Birmingham) said : Points in favour of the explana- 
tion that the 143 A and 73*5 A bands reflect a lipid or lipo-protein 
component and not a protein alone are, firstly, the complete disappear- 
ance of the 73-5 A and 143*0 A bands on refluxing the preparation with 
alcohol for 5 min., and secondly, the fact that the disappearance of this 
band is accompanied by an increase in the intensity of the lower spacings 
at 34-5 A, 43*0 A and 56-5 A, and 6o*o A. These latter spacings are of 
the order seen in lipid extracts of nerve and the increase in intensity may 
suggest a setting free of lipid from the component giving rise to the 
143 A and 73*5 A bands. The 4*7 A band could be due to either a lipid 
or a lipo-protein, but the fact that lipids alone give rise to a 4*7 A ring, 
and that this ring is greatly reduced in intensity by treatment of the 
nerve material with lipid solvents, indicates that lipids probably make 
the larger contribution. 

Dr. K. G. A. Pankhurst (London) (communicated) : I should like to 
ask Dr. Elkes and Dr. Finean whether they have attempted to vary 
temperature or humidity during the drying of their preparations. A 
few years ago, when studying the effect of heat and humidity on collagen 
and gelatin, I found that considerable re-orientation ('* incipient shrink- 

♦ On two preceding papers. 

^Abercrombie and Johnson, ], NeuroL Neurosurg, Psych., 1946, 9, 113. 
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age of the protein took place if the specimen was kept at high humidities 
during drying.® 

Dr. J. B, Finean (Birmingham) said : The effects of temperature on 
these drying changes have not as yet been studied in detail. However, 
in two preliminary experiments, in which the preparations were dried 
at 50° and 60° C respectively, the diffraction patterns observed differed 
considerably from those seen with nerve dried at room temperature. 
The main differences were seen in spacings higher than 70 A, and similar 
differences were observed in fresh nerve preparations heated to 50° or 
60® C in Ringer solution and dried subsequently. Such modification in 
diffraction patterns could be due to changes in the protein component 
brought about by heating, though further detailed work will be needed 
to elucidate this question. Special thennostatically controlled irrigation 
and drying chambers have been constructed, and will be used for this 
purpose. 

■ Nature, 1947, 159, 538. 


THE PROTOPLASMIC MEMBRANE REGARDED AS 
A LIPO-PROTEIN COMPLEX 


By H. L. Booij 
Received 2 nd June^ 1949 

The complex theory of permeability of Bungenberg de Jong tries to reconcile 
the often conflicting older theories. The protoplasmic membrane is considered 
to be a tri-complex between jnotein, phosphatide and a cation. Experiments 
on yeast show that the cation is often exchangeable, which results in an altered 
permeability and consequently in a changed rate of fermentation. Organic 
non-clectrolytes may concentrate in the membrane and thus influence perme- 
ability. It is supposed that the apolar part of the membrane forms a 
continuous layer which will, however, be a “ statistical sieve " as in this 
mono-, di-, or pauci-molecular film one may not neglect the movements of the 
molecules themselves. The variation of the membrane constituents may account 
for the fact that different organisms, organs or cells show very divergent rates 
of permeability for various substances. 


Before considering the structure of the protoplasmic membrane, 
it is necessary to review the facts which the study of permeability of 
living organisms has revealed. Many authors have tried to combine 
these facts into a theory on permeability, which has resulted in a 
multitude of theories, each describing part of the phenomena. The 
two main principles deduced from experiments on permeability are : 

(a) The permeation of a substance is governed by its selective 
solubility in membrane compounds (Overton ^ finding a correlation 
between the rate of permeation and the solubility in oil, suggested 
that these membrane compounds arc lipids). 

(b) The membrane acts like a sieve or filter with pores of different 
widths, such that large molecules cannot enter the protoplasm (or 
only with great difficulty) ; from this point of view the molecular 
volume is the main principle in permeation.^* * 

^ Overton, Vjschr. naiurf. Ges, Zurich » 1895, 40, 159. 

• Ruhland and Hoffmann, Planta, 1925, i, i. 

* Traube, Arch, Anat., 1867, 87. 
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Now it was found ’ that no organism can be regarded as an 
example of only one of these two principles, the situation being such that 
the organisms may be placed in a series with permeability phenomena 
ranging from very much of principle (a) and much less of principle {b) 
to exactly the reverse. Thus every conception of the structure of the 
protoplasmic membrane must involve not only a combination of the 
principles mentioned, but also the possibility of variation. Then we 
arrive at theories like the mosaic theory (Nathanson ®), and the lipoid- 
sieve theory (Collander ®). Clowes,^® in framing his emulsion theory, 
drew the attention to yet another phenomenon shown by the membrane, 
viz. the influence of ions and ion-antagonism. Practically everyone 
agrees that at least some lipids are to be found in the membrane, 
be it only in patches (Nathanson,® Wolpers in a unimolecular 

(Winkler a bimolecular (Bungenberg de Jong or a pauci- 

molecular layer (Danielli and Davson ®). This state of affairs justifies 
a closer study of the physical chemistry of lipids. 

Complex relations of phosphatides. — The influence of ions on 
the membrane makes it likely that among the lipoids only the strongly 
polar ones are the main building material. Less polar material will 
then be incorporated in the membrane ; this may result in an extra 
strengthening effect and in a lowering of permeability for water. 
Therefore it is obvious that we must study first the “ backbone ” of 
the membrane, and this means that phosphatides must be investigated. 
Of the many methods used, I will select only the study of the complex 
(electrical) relations which was inaugurated by Bungenberg de Jong.* 
We must look at the main conclusions deduced from a simpler system 
where complex relations play a great part, e.g. the gum arabic-gelatin 
coacervate.^® A word of caution must be said here. The fact that 
we study complex relations on a coacervate does not mean that such 
relations are present in coacervates only, and it certainly does not 
mean that we consider the protoplasmic membrane to be a coacervate. 

At a certain pH (< 4'8) gelatin will be positively charged, while 
gum arabic will be negative at much lower values of pH, becoming 
uncharged at pH = 2*7. So at a certain interval of pH the two colloids 
will be oppositely charged and after mixing the two a separation into 
two layers is observed. The colloid-rich layer is most concentrated 
when the mutual attraction is at a maximum (Fig. i). 

^ Brooks and Moldenhauer Brooks, The Permeability of Living Cells (Born- 
traeger, Berlin, 1941). 

* Davson and Danielli, Permeability of Natural Membranes (Cambridge, 
University Press, 1943). 

* Gellhom and R^gnier, La permeabilite en physiologic et en pathologic generale 
(Masson, Paris, 1936). 

’ Hober, Physical Chemistry of Cells and Tissues (Blakiston, Philadelphia, 
X945). 

* Nathansohn, Jahrb. xviss. Bot., 1904, 39, 607. 

* Collander and Barlund, Acta Botan. Fennica, i933» ll, i. 

Clowes, /. Physic, Chem., 1920, 20, 407. 

V^olpers, Naturwiss,, 1941, 29, 416. 

^•■Winkler, Thesis (Leiden, 1938). 

Winkler and Bungenberg de Jong, Archiv. Neerl, physiol. » 1940, 25, 431, 467. 

Bungenberg de Jong and Bonner, Protoplasma, 1935, 24, 198. 

“ Bungenberg de Jong and Saubert, ibid., 1937, 352. 

* Practically all of Bungenberg de Jong's investigations will be found in 
Kruyt, Colloid Science II (Elsevier, Amsterdam, 1949). 

Bungenberg de Jong and Dekker, Kolloidchem. Beih., 1935, 43, 143, 213. 
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The most characteristic property of such a coacervate is the fact 
that it will dissolve under the influence of appropriate concentrations 
of neutral salts, which salts arrange themselves according to the so- 
called “ double valency rule ** (Fig. 2). 

A substance in which positive and negative charges are combined 
must in principle have the ability to coacervate (or flocculate if the 



Fig. I. — Mutual attraction of gelatin and gum arabic at different values of pH. 

coacervate ’* has a very low content of water). This flocculation 
or coacervation will be strongest, of course, when the number of positive 
charges equals that of the negative ones, while neutral salts will cause 
the flocculation to disappear according to the double valency rule. 
This was shown to be the case with the flocculation of serum globulin 
at its isoelectric point. 




Fig, 2. — Double valency rule. Disappearance of a gelatin-gum arabic co- 
acervate under the influence of neutral salts (A = valency rule for the cations ; 

B — valency rule for the anions) , 

Lecithin too belongs to this class of substances and the same 
phenomena would be expected here. Now naturally occurring lecithin 
shows a negative charge, suggesting that part of the choline groups 
are split off. It is possible to reverse the charge of lecithin by adding 
an adequate amount of salt. Then it follows logically that coacervation 
(flocculation) is at its maximum at zero charge (Fig. 3). 

” Bungenberg de Jong, Dekker and Winkler, Rec, trav. chim., 1934, 53 » 607. 
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As the reversal of charge is a consequence of the attraction between 
the cation added and the negative group of the colloid it must be ex- 
pected that the various cations will show a different behaviour. This 
leads to the investigation of the concentrations of various cations 
needed to reverse the charge of the acidic colloids (the so-called “ ionic 
spectra”). Teunissen^®» found that the various colloids can be 

divided into three groups which show different ionic spectra. The 
decisive factor is the nature of the negative group in the colloids ; so 
we can distinguish carboxyl, sulphate and phosphate colloids, each of 
which is characterized by a specific sequence of the cations. To mention 
but one example ; in phosphate colloids he found the sequence Li, 


LI reversal 



Fig. 3. — The attraction of the molecules of lecithin is at a maximum (i.e. the 
water content shows a minimum) at the zero-point of charge. 


Na, K ; in carboxyl and sulphate colloids the order is just the reverse, 
i.e, K, Na, Li. When a special sequence of cations is found in a certain 
biological phenomenon it might be concluded that a certain colloid 
plhys a great part. 

Bungenberg de Jong and Teunissen, Kolloidchem. Beth,, 1938, 47, 254. 

Teunissen, Thesis (Leiden, 1936). 

Teunissen and Bungenberg de Jong, Kolloidchem. Beik,^ 1938, 48, 33. 
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When we now try to give a schematic picture of a lecithin “ coacer- 
vate ** at the point of zero charge we obtain Fig. 4. Evidently such a 
lecithin structure in reality comprises three components and might be 
called a tricomplex system (in contrast to the gum arabic-gelatin 
coacervate, which is a bicomplex). We further ask whether some of 


negative group 
positive group 




r.V.V. 

.0 io io 


'^lecithim 


■ cation 


' phosphatidic 
acid 


Fig. 4. — In a coacervate ** (flocculate) 01 natural lecithin three components 

will be found. 


the components of this tricomplex system might not be changed for 
other substances. This question may be answered in the affirmative. 
A good example of tricomplex systems was given by Bungenberg de 
Jong and Rering who added neutral salts to a mixture of lecithin 
and carrageen (a sulphate colloid). It then appeared that a tricomplex 



Fig. 5. — The formation of a tricomplex flocculation in a mixture of lecithin and 
carrageen under the influence of the alkaline earth cations. 

is formed in salt concentrations which are not able to flocculate each 
of the colloids separately (Fig. 5). Tricomplex formation is strongest 
when the concentrations of the cations needed for reversal of charge 
of each of the colloids lie far apart (Fig. 6). Generally speaking, 
tricomplex formation is possible when we have an ampho ion in com- 
bination with an anion and a cation (one of which may be a colloid), 

•^Bungenberg de Jong and Bering, Proc. K. Akad, Wetensch., 1942, 45, 
697» 705» 713- 
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with the restriction that the concentration must be such that bicomplex 
formation does not occur. 

This idea leads us to the assumption that the protoplasmic membrane 
is built up from phosphatides and protein (which is an old view, of 
course) and that these substances are combined with a cation (pre- 
sumably Ca”) to a tricomplex system. Let us now examine whether 
biological phenomena furnish some arguments in favour of this 
hypothesis. 

Electrical Relations in the Protoplasmic Membrane. — The 

point of view developed above suggests that the cation in the membrane 
is exchangeable with another cation, which may change the electrical 
attraction within the polar part of the membrane, and thus may alter 
the cell permeability. This might be the basis of the different 
behaviour of Ca*‘ and K* in many biological phenomena. De Haan 
measured the influence of NaN03, Ca(N03)2 and Co(NH3)eCl3 on the 
permeability of Allium cepa cells. The experiment with NaN03 



Fig. 6. — Ionic specxra (alkaline earth cations) of lecithin and carrageen. Tri- 
complex formation is strongest when the concentrations of zero charge lie far 

apart. 

showed only an increase of permeability at high concentrations, whereas 
with Ca(N03)2 and Co(NH3)6Cl3, permeability first decreases and after- 
wards increases again. The minimum of permeability lies at a lower 
concentration for the 3-vaIent cation than for the 2-valent one. 
One would expect that this minimum represents the zero-point charge 
of the membrane. The phenomenon of hypertonic haemolysis (haemo- 
lysis in high salt concentrations) is clearly related to the experiment 
mentioned ; in high concentrations of neutral salt the tricomplex 
relations will be weakened considerably (according to the double valency 
rule). Winkler showed that pig’s erythrocytes and stromata have 
a maximal stability at the isoelectric point and that this stability 
decreases according to the double valency rule when neutral salts are 
added. So positive and negative colloids must be present within the 
membrane. From the ionic spectrum of the erythrocytes he con- 
cluded that a phosphate colloid plays a dominant part. This must be 
lecithin, while the other component is the protein stromatin. Cations 
complete the tricomplex structure of the membrane. * 

The ready exchangeability of the cations in the protoplasmic mem- 

De Haan, Protoplasma, 1935. 24, 186. 
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brane was shown by experiments in our laboratory.^ The influence 
of a multitude of salts on the fermentation of sugar by bakers’ yeast 
was investigated and found to be greatly influenced by the cations 
added (see e.g. Fig. 7). 

Some cations stimulate fermentation, others decrease it to a certain 
percentage. (If the concentration is higher than ± 0*5 N, osmotic 
factors play a great part.) This leads to the idea that the normally 
occurring cation in the membrane is replaced by another one. Then 
according to the nature of the cation added two things may occur : 

(i) if the complex relations are strengthened permeability for sugar 
will decrease ; 

(ii) in the reverse case, a stimulating action of the cation added will 
be observed. 


If all normal cations of the membrane are replaced (these normal 
cations presumably being Ca'*, as Ca** has no influence on fermentation) 



Fig. 7. — Fermentation of .sugar oy bakers' yeast under the influence of some 

cations. 


fermentation reaches another level and a further addition of the ab- 
normal cation will have no influence. It seems that these experiments 
show the great importance of Bungenberg de Jong’s view on the per- 
meability problem which I call the complex theory of permeability of 
Bungenberg de Jong. This theory has the great advantage that it com- 
bines the known factors that play a part in permeability. Only one 
major question remains to be answered and that is how are we to link 
the sieve theory and the complex theory } It is therefore necessary to 
look at a part of the membrane neglected above, the apolar part. 

Apolar Relations in the Membrane. — First of all one must 
consider that a large part of the differences in permeability between 
the various species might find their basis in differences in the apolar 
chains of the lecithins. It is obvious that the occurrence of double 
bonds in these chains must influence their mutual distance (and thus 
the “ pore ” width) considerably. Here one thinks of the different 
behaviour of a spread unimolecular layer of stearic acid and that of 
an acid with one double bond (oleic acid). Bungenberg de Jong and 

Booij, Rec. trav, botan. Neerl,, 1940, 37, i. 
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Saubert drew attention to the role played by cholesterin in the 
membrane : this apolar substance may “ condense ” the membrane 
by reason of the London-van der Waals’ forces between it and neigh- 
bouring lecithin chains. Originally it was thought that the pores of 
the membrane might be the places not occupied by cholesterin (Fig. 8), 
but now we realize that this view is too static. In molecular dimen- 
sions we must account for the movement of the molecules. Even if 
an apolar membrane is completely homogeneous one would always find 
holes in it and the widths of these holes would be distributed statistically. 
This means that a large polar molecule has practically no chance of 
slipping through the membrane, while a smaller molecule will find many 
more opportunities. Permeability laws have to be considered as 
statistical laws and one is not obliged — as in the original sieve theory 
— to regard the protoplasmic membrane as a rigid structure with a 
few large holes, a good many of medium size and many small ones. 

pore 



Fig, 8. — The role of cholesterin in the membrane as it was proposed some years 
ago. This diagram is not " dynamic enough, as the membrane should not 
be regarded as a rigid structure. 

Conclusion. — ^Thc complex theory of permeability must be regarded 
as an attempt to synthesize the many, often conflicting, theories on 
this subject. According to this view the protoplasmic membrane 
shows three characteristics : 

(i) it is a “ statistical ” sieve ; (ii) it is a solvent for substances 
poorly soluble in water ; (iii) it is an ion-exchanger. 

The possibilities of variations are enormous, which is just what 
should be expected of an adequate theory of permeability. 

(a) The membrane may be uni-, bi- and pauci-molecular. 

(t) The arrangement may be such that the lipid molecules point 
to the aqueous medium, while in other cases the reverse might be ex- 
pected. 

(c) The nature of the lipid (especially the number of double bonds) 
is of utmost importance. 

(d) It might be that the ratio lecithin /phosphatidic acid varies from 
species to species. That would greatly influence the ionic character- 
istics of the membrane. Especially the influence of pH will vary 
considerably. In the biological range of pH the dissociation of the first 
hydrogen of the phosphoric acid group will be complete, while that of 
the second hydrogen is very much influenced by a small change of pH. 
From this it would follow that a membrane with much phosphatidic 
acid will be very susceptible to pH changes. 

(e) The amount of extra apolar substances within the membrane 
will influence the permeability considerably. 
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(/) The nature of the protein will vary too from cell to cell ; this, 
presumably, will have a great influence on the ion-exchanging properties. 
Here there is the possibility that the protein (when it is supposed to 
lie parallel to the surface of the cell) plays a great part in the elastic 
properties of the cell’s surface. 

(g) The cation (and its exchangeability) may vary. 

There is a bewildering number of possibilities, which is exactly in 
accordance with the many divergent facts already known. Some of 
these are summarized in Fig. 9, in which A shows the structure as it 
was originally proposed by Bungenberg de Jong and Bonner.^^ Later 
this was modified B (Bungenberg de Jong and Saubert ^®) as the role 
of the phosphatidic acids was more clearly understood. One might 
also suspect that even in a unimolccular layer of lecithin, complex 
relations are of great importance C. In tricomplex systems with 
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Fig, 9. — A selection of possible membrane structures (more layers might be 
present and the apolar chains might point to the medium as well as to the 

cell’s interior). 


proteins, two extreme cases have been pictured in D and E. In the 
case of lecithin only the negative groups of protein are of importance 
for the complex relations, whereas with phosphatidic acid both negative 
and positive groups play their part. 

Now it might be asked, how we are to study permeability problems 
in future. It is my opinion that investigations on the influence of 
various substances on permeability will be of the greatest value. 
Additionally a thorough study of the same substances on systems with 
parallelly arranged carbon chains must give the basis on which to build 
our knowledge of the structure of the living membrane. Then experi- 
ments with unimolecular layers of lecithin, fatty acids, etc., come to 
the mind. In our laboratory we are now experimenting on a large 
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scale on oleate coacervates where the volume of the coacervate layer 
is greatly influenced by added organic substances. This means that 
the structure of the orderly built soap micelles (seen as a model for the 
membrane structure) is changed. So far these experiments seem to 
give promising results. 

When we are interested in the ion-exchange capacities, another 
type of investigation is useful, namely to measure the reversal of charge 
of colloids by certain cations. This leads Burgenberg de Jong and his 
co-workers to the idea that the background of ion-antagonism is essenti- 
ally a cation-anion antagonism ; that Ca"-K* antagonism is shown 
very well by phosphate colloids and not by carboxyl and sulphate 
colloids ; and that only lecithin shows a marked resemblance between 
the influence of ephedrine and Ca**, and of acetylcholine and 
All of these facts strongly suggest that phosphatides play a most im- 
portant part in many biological phenomena. 

Summarizing, it seems advantageous to study the problem of the 
structure of the protoplasmic membrane along the lines indicated 
above. We might even find that these investigations have a great 
value for other biological structures (e.g. protoplasm itself) as the same 
bio-colloids are found throughout the whole cell. 

Laboratory of Medical Chemistry^ 

W assenaarseweg, 

Leiden^ Netherlands. 

Bungenberg de Jong, Booij and Wakkie, Kolloidchem. Beih., 1936, 44, 254. 

” Teunissen-van Zijp, Thesis (Leiden, 1938). 


LIPID AND PROTEIN COMPONENTS IN THE 
SURFACE ULTRASTRUCTURE OF THE 
ERYTHROCYTE 

By Eric Ponder 
Received 8 th May^ 1949 

The surface layers of the mammalian red cell are considered as a complex 
ultrastructure of radially oriented lipid and tangentially oriented protein, the 
lipid and protein probably being associated rather than spread out in separate 
layers. The total thickness of the surface ultrastructure is 200-400 A, some 
regions being thicker than others. Evidence is considered for believing that 
the interior of the cell has a certain orderliness, the Hb molecules being oriented 
as in an expanded crystal, and readily passing into a paracrystalline state. 
The possible effects of an orderly interior on the surface configuration, and on 
properties such as the penetration of ions and non-electrolytes, are briefly 
referred to. 

There being no doubt but that the surface layers of cells are regions 
with special properties, the problem of their structure can be approached 
in two different ways. The first of these puts emphasis on differential 
permeability phenomena, and leads us to ask what kind of surface 
structure can produce the differential barrier effects observed. Attempts 
to answer this type of question result in classical “ membrane perme- 
ability theory,” which rests on observations of the rates at which many 
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different substances penetrate into many different cells. The desirable 
generality of classical permeability theory, however, is off-set by the 
fact that it tries to account for all permeability phenomena in terms 
of the properties of the surface layers alone, any influence of the cell 
interior being largely discounted ; the ambiguity of some of the in- 
ferences upon which it is based has also led to what Chargaff calls 
“ biological dialectics.’* The second approach depends on observations 
made with the microscope, polarization microscope, and electron 
microscope, together with information obtained by chemical analysis 
of what are presumed to be intact surface ultrastructures ; these 
observations are more concrete but are more limited, since they have 
so far been made on a few special types of cell only. One of these is 
the mammalian erythrocyte, one of several prototypes of the differ- 
entially permeable cell ; I shall discuss the nature and arrangement 
of the lipid and protein components of its special surface ultrastructure 
primarily from the standpoint of chemical analysis and optical measure- 
ments, but shall try at the same time to relate the observations to other 
properties of the cell surface^ 

Materials Available. — It is by no means certain that the surface 
of the red cell is composed of a structure (a “ membrane *’) which can 
easily be isolated without loss or contamination. The fixed framework ” 
or '' ghost prepared by the methods of Erickson and her collaborators/ 
of Fricke, Parker and Ponder/ or of Parpart * is washed repeatedly, 
and this may remove enough protein to make up a surface layer at least 
20 A thick, together with enough lipid to make up a similar layer at least 
60 A thick. Again, most preparations of ghosts contain considerable 
amounts of Hb, possibly together with other substances derived from, 
the cell interior. Lastly, there is still doubt as to how much of the material 
of the fixed framework makes up the surface ultrastructure and how much 
is derived from the interior ; this doubt will remain until we can decide 
whether the red cell is a balloon-like body with fluid contents or a body 
with an organized interior surrounded by still more highly organized 
surface layers. 

We can arrive at tentative conclusions as to the thickness of the surface 
ultrastructure if we ignore the losses and assume that all the materials 
found in the fixed framework enter into the surface layers ; taking the 
values for the human red cell, we find a fixed framework which is 3*4 % 
(dry weight) of the material in the intact cell to give a surface ultra- 
structure about 190 A thick. Corresponding values for dog, rabbit, 
sheep, and ox work out at 250 A, 125 A, 120 A and 75 A respectively. 
There is no reason to think that the thickness is the same for all mammals, 
but since a ± i % variation in the value for the fixed framework cor- 
responds to a 60 A variation in thickness, reliance should not be placed on 
small differences. These values do not allow for the contribution of water. 

The average quantity of total lipid in the human red cell would make 
up a continuous surface layer 31 A thick and of density 0-85 g. cm.~® ; 
the corresponding figures for the cells of dog, rabbit, and sheep are 38 A, 
33 A, and 32 A. This is about sufficient to form a bimolecular layer. 
There is not sufficient cholesterol to form even a monolayer, except per- 
haps in the ox. The ratio of cholesterol to total lipid varies from i in 5 
in human cells to i in 1*5 in ox cells ; this is one manifestation of the 
variability of the lipid composition of the surface ultrastructure from 
animal to animal, a variability which is also shown by the inconstancy 

'Erickson, Williams, Bernstein, Arvin, Jones and Macy, /. Biol, Chem, 
I 938 » laa, 515* 

* Fricke, Parker and Ponder, /. Cell, Comp. Physiol., 1939, 13, 69. 

* Parpart, ibid., 1942, 19, 248. 
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of the amounts of cholesterol as opposed to cholesterol ester, lecithin 
as opposed to cephalin, and of “ neutral fat now regarded as a cerebro- 
side fraction (see Tables *«).* There has been a special interest in the 
proportions of the lipid fractions because of a hope that difEerences would 
account for differences in permeability properties ; they do not do so, 
however, in any simple way (Parpart and Dziemian ®). The cholesterol 
molecules are probably arranged at intervals along the lipid palisade ; 
this arrangement would have a stabilizing effect on the otherwise dis- 
persible cephalin (Winkler and Bungenberg de Jong®; Dervichian ’). 

The protein found in the human ghost would make up a continuous 
surface layer 37 A thick and of density 1*3 g. cm.-*. The principal pro- 
tein, stromatin (Jorpes ®), can be prepared almost free of Hb, and belongs 
to a class of proteins similar to, but not identical with, the keratins and 
collagens (Ballantine *). Its molecule is a long structure, exhibiting 
marked double refraction of flow (Boehm ; these results have been 
questioned by Furchgott ; it may accordingly gel in low concentra- 
tions. The quantities found in the ghosts of various mammals vary, 
but since the amino-acid composition is the same irrespective of source, 
the immunological differences must depend on small differences in molec- 
ular structure. The A and B factors are associated with polysaccharide 
bearing side chains, but the Rh factor is associated with an ether soluble 
lipo-protein fraction (“ elenin,'* Calvin, Evans, Behrendt, and Calvin ^*), 
separable from stromatin at pH 8, In addition to stromatin an unidenti- 
fied 6-protein can be separated by electrophoreses (Stern, Reiner, and 
Silber ; their a-protein is probably stromatin) ; a globulin which is 
eluted during the preparation of stromatin is also present, and intact 
cells contain a carbohydrate-poor albumin, the “ anti-sphering sub- 
stance,"' which is readily removed from their surfaces by adsorption on 
glass (Furchgott, 1 *® ; Furchgott and Ponder 

The non-ether extractable lipid of the ghost is usually taken as being 
lipo-protein ; using this criterion, from 40 to 60 % of the total lipid is 
bound to protein (Parpart and Dziemian ®), probably as secondary 
valency compounds rather than by salt linkages. Lecithin, with its 
isoelectric jx^int at pH 6*7, can hardly form salts with proteins at physio- 
logical pH's ; cephalin and phosphatidyl serine (Folch and Schneider ^®), 
however, can combine with histone and protamines by ionic bonds, while 
globin and cephalin form a soluble salt at pH 7. The principal obstacle 
to the formation of salt-like lipo-proteins seems to be the lack of basic 
proteins in the red cell ultrastructure. 

Orientation of the Components. — ^The evidence bearing on the 
orientation of the components in the surfeice ultrastructure is derived 
from polarization optics, from considerations as to the isoelectric point, 
and from electron microscopy. 

® Ponder, (a) J. Gen. Physiol., 1948, 31, 325 ; (6) ibid., 1948, 32, 53 ; (c) Haemo- 
lytic Phenomena (Grune and Stratton, New York), 1948. 

* Many of the discrepancies in the values for the various lipid fractions are 
due to different investigators having used different criteria to distinguish between 
fractions. 

* Parpart and Dziemian, Cold Spring Harbor Symposia, 1940, 8, 17. 

•Winkler and Bungenberg de Jong, Arch. Neer. Physiol., 1941, 431, 467. 

’ Dervichian, Trans. Faraday Soc., 1946, 42B, 180. 

* Jorpes, Biochem. J., 1932, 26, 1488. 

® Ballantine, J. Cell. Comp. Physiol., 1944, 23, 21. 

'•Boehm, Biochem. Z., 1935, 282, 22. 

" Furchgott, (a) J. Expt. Biol., 1940, 17, 30 ; (6) Cold Spring Harbor Sym- 
posia, 1940, 8, 224. 

Calvin, M., Evans, Behrendt and Calvin, G., Proc. Soc. Expt. Biol. Med., 
1946, 6i, 416. 

Stem, Reiner and Silber, ]. Biol. Chem., 1945, 161, 731. 

Furchgott and Ponder, ]. Expt. Biol., 1940, 17, 117 ; J. Gen. Physiol., 
1941, 24, 447. 

'•Folch and Schneider, J. Biol. Chem., 1941, 137^ 51. 
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Rabbit ghosts, prepared by freezing and thawing with subsequent 
washing in saline, show a faint negative birefringence which is the resultant 
of the negative form -birefringence of a tangentially-arranged protein 
framework and the positive birefringence of radially arranged lipid 
(Schmitt, Bear, and Ponder The former can be increased by extract- 
ing the lipids and by immersing the ghost in mixtures of increasing 
refractive index. The faint positive birefringence observed in such 
media could conceivably be produced by a bimolecular layer of lipid 
situated at the cell surface (Frey-Wyssling and two observations are 
often quoted in support of this being the actual arrangement ; that of 
Fricke,^® whose measurements of the impedance of red cells led to a value 
of 30 A for the thickness of a surface film with an assumed dielectric 
constant of 3, and that of Gorter and Grendel,^® whose spreading experi- 
ments led them to conclude that the acetone-soluble material from the 
red cells of several species are just sufficient to cover the cell surfaces with 
a bimolecular layer. The true value of the dielectric constant in Fricke's 
computations, however, is unknown (it might be much larger than 3, 
and the surface film correspondingly thicker), while in Gorter and 
GrendePs experiments the extraction of lipid was almost certainly incom- 
plete. There are, moreover, several objections to the idea that the 
lipids are arranged at the surface in a continuous layer. Some of these 
are of an immunological nature, e.g. the observation that agglutinins 
combine predominantly with protein components of the red cell surface 
and prevent the cells from passing into the oil phase when shaken up 
with oil-saline mixtures (Mudd and Mudd *"). Unsensitized cells tend 
to enter the oil, but if red cells are packed together tightly in haematocrit 
tubes, they separate without haemolysis when the packed mass is shaken 
up with saline ; there accordingly appears to be no tendency for the 
surface material of one cell to spread on the surface of its neighbour. 
To account for observations of this kind, Winkler and Bungenberg de 
Jong ® have modified the conception of the surface as covered by a con- 
tinuous lipid layer by adding an incomplete layer of polar lipids with 
their hydrophilic groups sticking outwards. The discontinuities in this 
incomplete layer give the surface a “ pore '' structure as well as some 
hydrophilic properties, but the arrangement does not seem to me to have 
any advantage over one in which both protein and lipid components 
present themselves at the cell surface. 

Further objections to the idea that the surface is covered with a 
continuous lipid layer arise from measurements of electrical mobility. 
When these are made at ionic strength 0*172 and with sufficient rapidity 
to minimize the injurious effects of low pH on the cell surface,* the iso- 
electric point of the intact human red cell is at pH 1*7, that of the lipid- 
extracted ghost at pH 4*7, and that of the extracted and emulsified 
lipids at pH z-fi.f The pH-mobility curve for cells, lipid-extracted 
ghosts, and extracted lipids are also of different shape (Furchgott and 

Schmitt, Bear and Ponder, J. Cell, Comp. Physiol., 1936, 9, 89 ; ibid., 
1938, II, 309. 

Frey-Wyssling, Submicroscopic Morphology of Protoplasm and Us Deriva- 
tives (Elsevier Pub. Co., New York, 1948), p. 171. 

Fricke, J. Gen. Physiol., 1925, 9 * I37- 

Gorier and Grendel, J . Expt. Med., 1925, 41, 439. 

Mudd, S., and Mudd, E. B. H., ibid,, 1926; 1926, 43, 127. 

* Failure to avoid or to allow for these injurious effects has led .several ob- 
servers to conclude that the isoelectric point of the intact cell is higher than it 
really is. Some methods of preparing ghosts (e.g. Pa^art’s CO, method) 
are known to result in surface injury and in reduced mobilities. It is remark- 
able that at pH 7 identical mobilities are obtained for intact red cells (rabbit), 
cells lysed by water, and cells lysed by saponin (Abramson, Furchgott, and 
Ponder ®«). 

t There may have been contamination of the surfaces of the lipid droplets 
with protein. 
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Ponder The surface of the intact cell is accordingly neither a protein 
surface not yet the same as that of lipid droplets extracted from it. The 
low iso-electric point for intact cells and the flat maximum mobility level 
above pH 7 suggest that the surface is dominated by strongly acidic 
groups such as those in cephalin ; indeed, still more strongly acidic groups, 
such as those in the heparins, may be required to account for the data. 
The data, however, do not exclude the presence in the surface of small 
amounts of protein, and it should be remembered that the ** surface," 
from the standpoint of electrophoretic mobility measurements, is not 
necessarily the same as the morphological surface. 

The micrographs obtained with the electron microscope point still 
more convincingly to the red cell surface not being a homogeneous film. 
Ghosts appear as folded structures with a dry thickness of 250-500 A 
(Zwickau ; Wolpers *2 ; Wolpers and Zwickau ** ; Jung ; Rebuck 
and Woods **) ; after extraction of the lipids, the sheets appear porous. 
Wolpers ** has described the surface as having a fibrous appearance, 
and suggests that the lipids are imbedded as lens-shaped bodies in the 
meshes of a protein frame-structure. In such an arrangement, there 
would be a discontinuous layer (01 layers) of lipid with radially oriented 
molecules, the lipid areas being imbedded in tangentially arranged 
protein fibres ; the polarization optics of such a structure would be 
similar to those observed, and, regarded from the standpoint of penetrating 
substances, the structure could properly be referred to as a protein-lipid 
mosaic. The low tension at the surface of erythrocytes (Norris, nucleated 
red cells of Triturus), like that at the surface of the marine eggs (Harv^ey ; 
Cole *®), is probably due to the presence of proteins (Danielli and Harvey ; 
Danielli Whether these proteins are part of the structure, adsorbed, 
or both, is a question which has arisen in connection with the antisphering 
substance, and one which cannot be answered with certainty. Any 
elasticity possessed by the surface ultrastructure (Seifriz ; Beams 
is best attributed to the " junctions " in the protein framework (Frey- 
Wyssling i’). 

Thickness. — The lipids and proteins found in the human red cell 
surface ultrastructure would make up a layer about 70 A thick, but 
losses during washing and incomplete extraction of lipid tend to make 
this estimate too low. The estimate, moreover, is based on dry weights, 
and the real thickness of the structure will depend on the amount of water 
it contains. Direct measurements with the leptoscope (Waugh and 
Schmitt ®®) give 220 A as the maximum thickness in rabbit ghosts ; this 
value can be halved by extracting the lipids, some of which, however, 
had probably been lost during the preparation of the material. In the 
rabbit, the protein and lipid would make up a dry layer about 120 A 
thick ; the contribution of water would therefore seem to be about 80 %, 
although W^augh and Schmitt prefer a smaller figure (25 %). Some of 
this water lies between the tangentially arranged fibres of the stromatin, 
and some of it between groups of molecules of the lipid palisade ; such 

Zwickau, Dissertation (Lab. Ubermikroscopie Siemens and Halske, Berlin, 

1941)* 

Wolpers, Naturwissensch., 1941, 286, 461. 

Wolpers and Zwickau, Folia hematologica, 1942, 66, 211. 

** Jung, Klin, Wochenschr., 1942, 21 , 917 ; ihid., 1947, 29, 459. 

Rebuck and Woods, Blood, 1948, 3, 175 ; Rebuck, Woods and Monogham, 
Proc. Soc, Expt. Biol. Med., 1948, 68, 220. 

Norris, J, Cell. Comp. Physiol., 1939, 14, 117. 

Harvey, Biol. Bull., 1931, 60, 67 ; 6 1, 273. 

Cole, /. Cell. Comp. Physiol., 1932, i, i. 

•• Danielli, and Harvey, ibid., 1934, 5, 483. 

Danielli, Cold Spring Harbor Symposia, 1938, 6, 190. 

Seifriz, Protoplasma, 1927, I, 345 ; Trans, Faraday Soc., 1946, 42B, 259. 

** Beams, Proc. Soc. Expt. Biol. Med., 1947, 66, 373. 

Waugh and Schmitt, Cold Spring Harbor Symposia, 1940, 8, 233. 



ERIC PON/DER 157 

a separation of the surface molecules seems to be necessary in order to 
allow of reversible disc-sphere transformations in which the surface 
decreases some 30 % without appreciable volume change (see Ponder *), 
and the intercalated water may itself be oriented as it is in myelin forms * 
(Dervichian ^). 

The electron microscope gives even greater thicknesses. Zwickau's 
estimate is 250-300 A and Rebuck’s (private communication) is about 
500 A ; if a 25 % contribution of water is allowed for, the total thickness 
of the ultrastructure becomes 300-600 A. The discrepancy between 
this and the thickness computed from the sum of the lipid and protein 
may be due to the loss or under-estimation of the latter, or may be due 
to the surface layers having indefinite boundaries on the side directed 
towards the cell interior, so that more or less of an organized internal 
structure comes to be included when different methods are applied to the 
elucidation of structure. In the tripartite model ” of Winkler and 
Bungenberg de Jong, for example, the surface stromatin is represented 
as linked to the outermost layers of the Hb of the interior, and there is 
also a possibility of cephalin-globin linkages. 

To add to the complexity, the thickness and structural composition 
is neither uniform nor constant. The leptoscope shows the region of the 
biconcavities to be about 30 A thicker than the regions near the rim ; 
the difference increases after extraction of the lipids, and so is probably 
due to the protein components being relatively greater over the bicon- 
cavities. In the reversal of the disc-sphere transformation, the bicon- 
cavities and even the larger crenations reappear at the same parts of 
the surface as they occupied before the shape change ; this demonstrates 
a non-uniformity of the surface. Many lysins in low concentrations 
seem to break down the surface at spots (see Ponder * for a discussion of 
the involved subject of spot-wise lysis), and the amount of Cu required 
to affect the penetration of glycerol is so small that it must be thought 
of as acting on groups (possibly sulphhydryl) spaced at wide intervals on 
the surface (Jacobs and Corson®*; Jacobs®*; LeFevre®®). Finally, 
the anti -sphering substances can be dislodged from the surface, at least 
partially, with the result that the discoidal cell becomes a sphere without 
any detectable change in its permeability properties, and Curtis®’ has 
shown this shape change is accompanied by alterations in the complex 
impedance which can be interpreted as arising from a slight thinning of 
the surface layers. The opposite effect is observed when the cells are 
placed in hypotonic media, in which they swell and in which their surfaces 
are distorted and perhaps stretched ; Curtis suggests that under these 
circumstances new material comes from the cell interior to supplement 
the surface layers. A similar result has been obtained for the egg of 
Hipponde (Cole **). 

The Interior. — Evidence is accumulating that the red cell interior 
has a certain orderliness. The concentration of Hb is so high that the 
average distance between molecules is 75 A ; this figure corresponds to 
the diameter of the smallest sphere in which the cylindrical Hb molecule 

* It may be helpful to think of the structure of the surface in the same terms 
as Dervichian uses when speaking of myelin forms, i.e. in terms of a balance 
between the free energy of molecular cohesion and the free energy of affinity 
for water. Myelin forms are produced from the red cell ultrastructure under 
several conditions (Auer,»i ; Furchgott, and the intact surface may be 
thought of as a myelin form in which the extension is particularly small because 
of the superadded cohesive effects of parallel and underlying protein linkages 
(“ hindered solubility effects ”). 

®* Jacobs and Corson, Biol. Bull., 1934, 57 » 325* 

** Jacobs, ibid., 1946, 91, 237. 

®® LeFevre, ibid., 1947, 93, 224 ; /, Gen. Physiol., 1948, 31, 505. 

®’ Curtis, ibid., 1936, 19, 929. 

®® Cole, ibid., 1928, la, 29. 
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is free to rotate * (Penitz ••), and to the X-ray diffraction maxima ob- 
served for red cells by Dervichian, Foumet and Guiniei.*® An acceptable 
picture is accordingly one of freely rotating Hb molecules in a close- 
packed lattice, i.e. of an arrangement (an “ expanded crystal **) in which 
there is short-range order intermediate between the three-dimensional 
order of a crystal and complete disorder. The interpretation of X-ray 
and birefringence data, however, is complicated by the possibility that 
the internal structure, like the suriface ultrastructure, may be heterogeneous 
although essentially orderly ; effects from one region may cancel those 
from another, and so the degree of orderliness would tend to be under- 
estimated. Other types of evidence point to the molecules of the interior 
being arranged in an orderly way (possibly in lamellae, Teitel-Bernard * ) : 
the failure of intracellular Hb to crystallize, although crystallization may 
occur in smaller concentrations after haemolysis (Roepke and Baldes 
the sudden increase in metabolism accompanying lysis (Ramsey and 
Warren **), and the birefringence which occurs when a small amount of 
water has been abstracted from the cell (Teitel-Bernard and sometimes 
even spontaneously (Ponder 

The question of the orderly arrangement of the interior is further 
complicated by the possibility of its containing substances other than Hb. 
The red cells of both the rat (Beams and Hines and man (Beams **) 
can be stratified in the ultracentrifuge into three layers, one of Hb, one 
of lipid, and one of a colourless component which may be a matrix substance 
substance. Again, the almost completely reversible formation of the 
sickle cell is accompanied by a withdrawal of its Hb into what corresponds 
to the rim of the cell, leaving a fringe of colourless material in the con- 
cavity of the sickle ; f the haemoglobinized part later becomes strongly 
birefringent (Sherman ; Itano and Pauling •’). The objection usually 
made to there being a matrix substance in addition to Hb is that there is 
not sufficient protein and lipid left in the ghost to form an internal frame- 
work when the components required for the surface layers have been 
allowed for. Material other than Hb however, may leave the cell when 
it haemolyses and so may not be recovered in the ghost ; this possibility 
has not been inquired into carefully. 

Possible Effects of an Orderly Interior on Surface Configuration 
and Properties. — The existence of an orderly arrangement in the red 
cell interior would influence our ideas as to the structure and properties 

♦ Normal red cells are not birefringent although individual Hb molecules 
are anisotropic, and on these grounds it is likely that the Hb molecules are free 
to rotate. Perutz has called attention to the kinetics of the reaction between 
CO and HbOj being the same in the red cell as it is in solution (Roughton 
A large increase in affinity for Oj, however, although not produced by the mere 
l)^is of the red cell without dilution of its contents, becomes apparent when 
dilute cell suspensions are compared with dilute Hb solutions (HiU and Wolver- 
kamp,**). This effect, the nature of which is not clear, is not due to pH and 
differs in different mammals. 

*• Perutz, Nature, 1948, l6l, 204. 

Dervichian, Foumet and Guinier, Compi. rend., 1947, 1948* 

Teitel-Bernard, Arch. Roumain. Path., 1932, 5, 389. 

Roepke and Baldes, J. Cell. Comp. Physiol., 1942, 20, 71. 

Ramsey and Warren, Quart. J. Expt. Physiol., 1934, ^53* 

Ponder, /. Gen, Physiol., 1945, 29, 89. 

Beams and Hines, Anat, Record., 1944, 90, 155. 

t Rebuck's electron micrographs of sickle cell filaments show a dense material 
in the part of the filament near the cell, and also a periodic distribution of a dense 
material more distally. The width of the filament is only 1000-3000 A and 
its length several ; if the dense material is Hb, its association with lipid in a 
structure so thin and extended is surely a molecular association and not just the 
enclosing of Hb in a phospholipid tube. Dr. Rebuck has kindly let me see some 
of his unpublished material. 

Sherman, Bull. Johns Hopkins Hosp., 1940, 67, 309. 

Itano and Pauling, Blood, 1949, 66. 
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of the surface layers in several ways. The customary distinction between 
surface and interior would lose its sharpness, and would be replaced by 
an arrangement, such as that in Winkler and Bungenberg de Jong's 
model, in which the lipids and proteins of the surface layers are united to 
the underlying Hb so as to make up a structure extending throughout 
the cell thickness, although perhaps with decreasing orderliness from 
without inwards. In such a structure, the form and spatial arrangement 
of the Hb molecules and the orientations in the surface might be integrally 
related to each other, the former even acting as a kind of template for 
the latter. The lysis of such a structure would then involve more than 
effects on its surface layers, and Jonxis' observation that cells con- 
taining fetal Hb are preferentially affected by the Rh agglutinin-lysin 
would become understandable * ** ; similarly, a special composition of the 
Hb of the sickle cell may underlie the occurrence of the sickling pheno- 
menon (cf. Watson whose results suggest that cells do not sickle if they 
contain fetal Hb). A number of properties of the red cell, e.g. crenation 
and the assumption of paracrystalline states (Ponder *), the fragmenta- 
tion and shap>e changes resulting from heat (Ponder stratification, 

the sickling phenomenon and the fine structure of sickle filaments, some 
of the phenomena described by Auer,®* etc., can be accounted for more 
readily on the basis of there being an orderly structure throughout its 
thickness than on the basis of surface layers enclosing a Hb-containing 
fluid. 

It cannot be expected that the penetration of substances into a cell 
with such a complex surface ultrastructure, and possibly with an expanded- 
crystal type of interior as well, will be adequately accounted for by classical 
membrane permeability theory. The conditions which govern the passage 
of material across an anion-permeable, but cation- and Hb-impermeable, 
membrane separating two dilute solutions have been elegantly treated 
by this theory ; much of the behaviour predicted for a model system of 
this kind can be observed when the red cell is substituted as the experi- 
mental object, but in other respects the model and the object behave 
differently. The cell swells in hypotonic media as an osmometer of very 
varying degrees of imperfection ; the cell is not cation impermeable as 
the model is, and the slow penetration of cations observed, even if pro- 
vided for by investing the model with a membrane through which cations 
move slowly, is not followed by the indefinitely great swelling which the 
theory calls for (Ponder ®). A process of cation exchange, together 
with a limited amount of swelling, occurs instead, and this process appears, 
moreover, to be dependent on metabolism (Wilbrandt ; Harris ; 
Davson and Reiner®^; Ponder ®o«). What seems to be required to ac- 
count for the behaviour of the cell towards penetrating substances is a 
surface mosaic in Brooks’®* special sense of the term, i.e., a structure in 

* This, however, is an observation which I cannot confirm, since my own 
determinations show the same proportion of fetal Hb in the cord blood of normal 
infants as in the cord blood of infants affected with hemolytic disease. Baar 
has also pointed out that Jonxis’ conclusions are not at all compatable with 
results obtained by him and his collaborators. 

Jonxis, Nature, 1948, 616, 850. 

Watson, Amer. J. Med. Sci., 1948, 315, 419. 

*® Ponder, (a) J. Gen. Physiol., 1949, 33 , 399 ; (h) J. Expt. Biol, (in press) ; 
(^) /• Gen. Physiol, (in press). 

” Auer, /. Expt. Med., 1932, $6, 551. 

** Wilbrandt, Trans. Faraday Soc., 1937, 33, 956. 

** Harris, J. Biol. Chem., I94i» * 4 *# 579- 

*• Davson and Reiner, ]. Cell. Comp. Physiol., 1942, 30 , 325. 

** Brooks, Trans. Faraday Soc., 1937, 33» 1002. 

Abramson, Furchgott and Ponder, J. Geri. Physiol., 1939, 33 , 545. 

Roughton, Amer. J. Physiol,, i945i 143, 609. 

Hill and Wolverkamp, Proc. Roy. Soc. B, 1936, I 30 , 484. 

*• Baar, Nature, 162, 190, 1948. 
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which there are pathways for anions side by side, on a molecular scale, 
with pathways for cations, in which the exchange of cations and perhaps 
of some non-electrolytes (glycerol and sugars) is controlled by metabolic 
processes, and in which there are additional pathways along which lipid- 
soluble substances can move. It is not likely that an adequate theory 
of penetration can be developed quantitatively until more is known about 
the state of the interior, the activity of ions in it, and the way in which 
the metabolic processes produce their spatially directed effects ; the 
complex behaviour, however, no doubt has its origin in the elaborate 
nature of the architecture. 

Nassau Hospital^ 

MineolUj New York, 


THE CONTROL OF THE BODY TEMPERATURE 
BY FATTY ACID MONOLAYERS 


By J. M. O’Connor 
Received Sth May^ 1949 


The standard conception of temperature regulation is that it depends upon 
a control of heat production and of heat loss exercised by centres in the brain. 
But as these centres may be cut off from the mass of the body without any 
essential loss of temperature maintenance, their significance must be subsidiary 
in character. Re-examination of the influence of temperature on the oxygen 
consumption of cold blood and warm blood animals and of tissue preparations 
from them shows that the increase with rising temperature is not, as was 
believed, continuous, but exhibits falls about 30® C and about 36° C. The 
fact that in the neighbourhood of 36° the heat production rises with falling tem- 
perature must be a substantial and fundamental element in the fixation of the 
body temperature in this temperature zone. As an explanation of these two 
falls it has been suggested that oxidative metabolism is dependent upon the 
presence of an unimolecular layer of fatty acids covering a surface (possibly 
the surface of an oxidizing catalyst) and that the falls at 30® and 36° are due to 
solution out of the monolayer of oleic and palmitic acid respectively. Evidence 
is given in proof of this view. Physical experiments are alluded to which show 
that a monolayer of palmitic acid in vitro behaves in a fashion in approximate 
agreement with the requirements of the theory. 


The purpose of this communication is to show that the constancy 
of the body temperature in warm-blooded animals, which is commonly 
believed to be superimposed upon a primitive production of heat through 
the activity of a special central co-ordinating mechanism, is in reality 
a consequence of the nature of metabolic oxidation. Arguments will be 
given to show that the intensity of oxidation depends upon the area 
of a unimolecular layer of fatty acid the size of which varies with 
temperature in such a fashion that the body temperature is held at a 
level determined by a physical property of the layer. 

A constancy of body temperature is maintained so long as heat 
production and heat loss balance. It has long been accepted that this 
balance is actively supervised by a thermostatic centre in the brain. 
The essential argument for this is that the temperature falls when the 
spinal cord is cut. Closer inquiry has revealed that a region of the 
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hypothalamus exercises a control over heat loss. It has been shown 
that when this region is damaged the body temperature becomes less 
stable and that, when this region is heated, mechanisms for the dis- 
sipation of heat are put into action. It has also been suggested that 
this or a neighbouring region is also responsible for the increase in heat 
production which appears on exposure to low temperatures, but this 
has not been established. 

The occurrence of an increase in heat production on exposure to 
cold was noticed by Crawford and by Lavoisier, but an active interest 
in the nature of the increase dates from the investigations of Lieber- 
meister. Consequent on his work the relation between body tem- 
perature and heat production was actively studied by Pfliiger and his 
pupils, who, sceptical of the suggestion that cooling of the tissues caused 
an increase in heat production, produced evidence purporting to show 
that in cold-blooded animals the rate of oxidation rises steadily with 
increasing temperature, and that the same rule holds for warm-blooded 
animals provided that muscular movements, in particular shivering, 
are prevented. Since that time it has come to be accepted that the 
increase in heat production on exposure to cold results from a central 
stimulation of muscular metabolism. 

The whole basis of this conception of temperature control fails when 
it appears that after section of the spinal cord the animal in a few days 
regains and maintains its normal temperature. This was established 
very clearly by Goltz and Ewald who showed that when as much of 
cord as could possibly be dispensed with was removed the dog regained 
temperature control. This long neglected observation was again es- 
tablished by Popoff, by Thauer and by others. A discussion of these 
matters is given by Thauer ^ and also by O’Connor.^ In the absence 
of any other conceivable co-ordinating system it would seem that the 
constancy of the body temperature must be inherent in the body itself 
and does not depend on any superimposed co-ordination. 

A systematic re-investigation of the influence of temperature on 
the heat production of various animals and animal preparations showed 
that so far from being, as Pfliiger and those who followed him believed 
(cf. Krogh ®), a continuous increase with rising temperature, there are two 
sharp decreases, one at or above 30® and a second at the normal body 
temperature. A search for these changes was instigated by a study 
of the relations between temperature, shivering and the sensation of 
cold (O’Connor *). It was shown first that falls in oxygen consumption 
occurred at about 30*^ and 36'’ in the anaesthetized curarized rabbit 
(O’Connor et al.,^ O’Connor^). The occurrence of these and other 
minor departures from uniformity have been established subsequently 
in a variety of cases. The frog shows a sharp though small increase 
at about 15^ and a marked fall at 32° (O’Connor and O’Donovan’). 
The earthworm shows, in addition to these two, a fall at 17® (O’Connor ®). 
As frogs and earthworms do not commonly survive 32® it might be 
thought that a fall at the point of death is not remarkable and should 

^ Thauer, Erg. Physiol., 1938, 41, 607. 

• O'Connor, Irish J. Med. Set., 1943. 

* Krogh, The Respiratory Exchange of Animals and Man (Longmans, 
London, 1916). 

* O^Connor, Proc. Roy, Irish Acad, B, 1932, 40, 175. 

* O’Connor, Moriarty and FitzGerald, ibid., 1935, 4a, 345. 

• O’Connor, ibid., 1936, 43, 23. 

’ O’Connor and O’Donovan, ibid., 1942, 47, 251, 

• O’Connor, ibid., 1942, 48, 85. 
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not be stressed, but when one finds in the observations of Benedict ® 
that tropical cold-blooded animals, which tolerate higher temperatures, 
also show a fall at 32® it seems not unlikely that this fall in frog and 
earthworm is the cause rather than the consequence of the collapse. 
Although tropical ** cold-blooded ** animals tolerate a temperature 
of 35® they rarely survive at mammalian temperatures, and investiga- 
tion in this range must be done on mammals or birds and in them only 
when the confusion produced by muscular movements has been sup- 
pressed by curare or some other measure. It has been already men- 
tioned that the falls at 30® and at 36® occur in anaesthetized curarized 
rabbits. The fall at normal body temperature was also demonstrated 
in unanaesthetized rabbits in a collection of data from the literature 
(O'Connor but among these there was not an adequate number to 
show that a fall occurs also at the lower point. The fall at 36® was also 
demonstrated in the observations presented by Freund and Janssen 
on the relation between temperature and oxygen consumption of the 
denervated gastrocnemius muscle of the cat. These authors endeavoured 
to use their results as an argument for the passage of nerve impulses, 
influencing heat production, from the cut spinal cord along the arterial 
wall, but the facts are completely explained as a direct consequence 
of the temperature of the muscle itself (O’Connor 

A very convenient method of demonstrating the pattern of the 
relation between temperature and oxygen consumption can be used 
on the human skin. The reciprocal of the time taken, after occlusion 
of the circulation in the finger, for the a absorption band of oxy- 
haemoglobin to disappear from light reflected from it gives a measure 
of the intensity of oxidation (Vierordt and Dennig). When an adequate 
number of observations made at different temperatures is plotted, de- 
creases at 32° and-36® are obvious (O’Connor 

It is clear that the fall in oxygen consumption at 36® found in so 
many mammalian preparations must have significance in connection 
with the maintenance of the body temperature, but it appears reasonable 
and in accordance with established conceptions to suggest that the 
change is imposed by some regulating mechanism. It is true that it is 
difficult to imagine how such a mechanism could cause a response, as in 
the last example, in a local area of the skin in which alone the tem- 
perature has altered. It is also true that the occurrence of a com- 
parable fall at 32® in both warm and cold-blooded animals, to which 
no immediate functional significance can be attached, gives ground for 
doubting that the change at the higher temperature can be considered 
to be essentially different. But neither of these arguments removes 
the need for proving that the changes are inherent in the tissues by 
showing that they occur in isolated tissue. That this is so has been 
shown for the skin of the frog. There is a fall at 31® and a very marked 
fall in level between 35*5® and 43® — which is the range within which 
the temperatures of warm-blooded animals fall with the exception of 
the monotremes among which it occurs at about the level of the lower 
fall (O’Connor^®). This demonstration is open to the criticism that 
the frog tissue was necessarily exposed to temperatures widely outside 

The Physiology of Large Reptiles (Carnegie lost., Washington, 

O’Connor, Proc. Roy, Irish Acad. B, 1936, 43, 34. 

Freund and Janssen, PflUger Arch., 1923, aoo, 96. 

O’Connor, Proc. Roy. Irish Acad. B, 1938, 44, 129. 
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those which it normally experiences or tolerates. Experiments were 
consequently done on the ox cornea which eventually gave the expected 
result. But a discussion of them had best be postponed until a theory 
accounting for the peculiar relation between temperature and oxygen 
consumption has been advanced. 

Before turning to this section of the argument the question must 
be faced why these falls which appear so distinctly and so readily had 
not been previously noticed. The fall at 30° has not been noticed 
because observations below this level were made practically only on 
cold-blooded animals and were not continued above it until Benedict’s 
observations on tropical animals. As observations on warm-blooded 
animals require curare or cord section they are comparatively few and 
the number in the neighbourhood of 30"" is almost negligible. The 
important fall at 36° has not been observed because the matter was 
regarded as having been decided by Pfliiger. A critical examination 
of Pfliiger’s data shows that his conclusion was unjustified and that in 
a combination of his data and those of his pupil Veltcn the fall with 
rising temperature within the range of the normal rabbit temperature 
is clearly visible (O’Connor^®). 

If these falls be not imposed from outside the cells they must be 
caused by some change in the oxidative system. According to the 
Arrhenius equation the rate of oxidation in a system should rise with 
rising temperature. If there be a fall it must be due to decrease in the 
substrate or diminution in the activity of the catalyst. As the falls 
appear systematically at, or in the neighbourhood of, the same tem- 
peratures, physical changes in state in a body constituent at these points 
were sought and attention was attracted by the properties of monolayers of 
fatty acid (O’Connor, 1938). Numerous parallels were found. Palmitic 
acid could not, it seemed, easily form a monolayer above 36*^. If a 
monolayer of fatty acid were necessary for, and its area determined 
the intensity of the activity of a catalyst, the disappearance of palmitic 
acid out of the monolayer would explain the important fall at 36®. 
That the palmitic acid begins to fade out of a monolayer at about 
36° was confirmed by Kane (personal communication). The sudden 
increase at 15*^ noted in frogs and worms coincided with the entrance 
of palmitic acid into a monolayer (under 6 dynes pressure) at this tem- 
perature (Cary and Rideal The fall at 30° corresponds to the dis- 
appearance of oleic acid out of a monolayer. Striking was a coin- 
cidence involving lauric acid. This acid cannot form a monolayer 
above 17^. It is not a common constituent of natural fat. It occurs 
in the earthworm to the extent of 5%. ^The earthw^orm, as mentioned 
previously, shows a fall in oxygen consumption at 17°. There is no such 
fall in the frog which has no lauric acid. 

These coincidences made the theory plausible and an experimental 
proof was sought. If it were possible to alter the proportions of the 
fatty acids occurring in a particular tissue, the extent of the falls in 
the rate of oxidation occurring at the two crucial points and the level 
of the metabolism at different temperatures should also alter. In 
fact it was found that dressing the skin of the finger for several days 
before examination with different normally occurring fatty acids pro- 
duced the theoretically expected alterations in the pattern of the effect 


O'Connor, Proc. Boy. Irish Acad. B, 1947, 5i» 211, 
Cary and Rideal, Proc. Roy. Soc. A, 109, 125, 301. 
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of temperature. Laurie, myristic, palmitic, stearic and oleic acid were 
examined. The results with oleic acid were particularly striking : 
the fall at 32° was much more pronounced and the fall at 36° much less 
(O’Connor Recently a striking result was obtained with margaric 
acid.^® If the fall at 36° is due to the disappearance of palmitic acid 
out of the monolayer and the final fall at 44° to the disappearance of 
stearic acid, the introduction of the intermediate (margaric) acid, 
which does not occur in natural fat, should result in a new fall appearing 
midway between these two points. When the finger skin had been 
previously dressed with margaric acid a new marked fall appeared at 40°. 

The experiments on the influence of temperature on ox cornea 
(O’Connor and McKeever may now be examined. An examination 
of a preparation of isolated mammalian tissue was particularly desirable 
because Field et aiy^ in an investigation of mammalian nervous tissue 
had not found evidence for the fall at 32"^. The results with the cornea 
showed falls at 34® and 42®. Neither of these could account for the 
maintenance of the ox temperature at the normal ( 36 * 7 °" 39 ‘i‘^). But 
the fall at 42° would correspond with the maintenance of a febrile 
temperature. For if the normal temperature be dependent on a tissue 
phenomenon the pyrogens responsible for fever must also act peri- 
pherally causing a shifting upwards of the fall at 36°. If this is true 
antipyretics should produce their effect on tissues by bringing the raised 
point of fall in heat production back to normal. It was found that 
treatment of the corneae with 0*0015 % sodium salicylate in Ringer’s 
solution for a quarter of an hour before investigating the oxygen con- 
sumption caused the falls at 34® and 42° to be replaced by falls at 33^ 
and 37°. The extent of each of these falls is in approximate agreement 
with the proportions of oleic, palmitic and stearic acid in ox fat. 

Three questions must be alluded to in conclusion. The upper limits 
of the stability of fatty acid layers have been somewhat cursorily dealt 
with in the past. Recently Mr. Armstrong (working for the Medical 
Research Council of Ireland) has shown that the area covered by palmitic 
acid on N/loo acid begins to decrease at 36°. On a buffer solution 
at pH 6*5 the rate of disappearance is very much more marked. The 
temperature at which this fall begins on this solution is more variable 
and usually somewhat higher. The cause of this variation is being 
investigated. 

A second question is, on what surface do these fatty layers form ? 
On this there is no information. It is plausible that the available 
amount of free fatty acid capable of contributing to the monolayer 
determines the state of aggregation of an oxidative catalyst, of a protein 
nature, which determines the rate of oxidation, but there is no direct 
evidence in support of this surmise. 

Finally, it must be noted that there are two sides to the balance 
of heat and only one has been considered. Heat loss is in the main 
controlled by the flow of blood to the skin. This flow is normally affected 
by central and reflex impulses but that these can be dispensed with 
has been shown in the animals in which the spinal cord has been 
destroyed. The loss of heat must then be controlled by the local effects 
of temperature on the skin vessels. 

“ O’Connor, Ptoc. Roy, Irish Acad, B, 1942, 48, 93. 

O’Connor, ibid, (in press). 

O’Connor and McKeever, ibid, (in press). 

« Field, Fuhrman and Martin, J, Neurophysiol,, 1944, 7, 117. 
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It is known that surviving arteries dilate on warming (Cruickshank 
and Rau^®). In conjunction with Mr. J. Edozien the relation between 
temperature and tone is being re-investigated. The results obtained 
so far with the carotid artery of the ox seem to bear the interpretation 
that here also the fatty acids have significance. It is true that the 
theory of tone of involuntary muscle is uncertain and possibly com- 
plicated, but the changes which occur on warming show simple parallels 
with the changes in properties of fatty acid monolayers. The most 
striking contraction on heating from a low temperature occurs at 16° 
thus corresponding with the entrance of palmitic acid onto a surface in 
a close-packed or cohering form, and the most pronounced relaxation 
takes place over the temperature ranges at which palmitic and stearic 
acid undergo expansion. Indeed it appears that the whole course of 
the effect of warming can be represented by calculating the difference 
at each temperature between the area which would be occupied by a 
fixed number of molecules according to the gas laws and the area which 
would be occupied by fatty acids molecules in accordance with their 
properties and the proporations in which they occur in the fat of the 
ox. If this view can be sustained it will appear that the bond which 
holds the temperature of the body constant is the physical properties 
of its simplest organic constituent. 

Department of Physiology^ 

University College^ 

Dublin. 

Cruickshank and Rau, J. Physiol, , 1927, 64, 65. 


GENERAL DISCUSSION* 

Dr. H. L. Booij (Leiden) said : One should realize that carrageen 
is much more hydrophilic than cetyl sulphate, so experiments on cetyl 
sulphate must not be com])ared directly with tlujse on carrageen. There 
seems to be little cvideuice for the idea th<it there is an invisible precijiitate 
of carrageen in low' concentrations of CaClg, as there is no Tyndall effect 
and as the reversal of charge is reached only at vcr>^ high concentration. 
Moreover, the tri -complex between lecithin, carrageen and Ca+'^ appears 
practically only between the points of reversal of charge of the tw'o 
colloids involved. 

Dr. A. Lasnitzki (Birmingham) said : May I comment on a point in 
the paragraph Electrical Relations in the Protoplasmic Membrane " 
of Dr. Booij 's paper. I think that it is difficult to employ, without further 
analysis, the effect of cations upon a metabolic process — in this particular 
case fermentation of sugar by yeast — as a reliable indicator of possible 
changes in cell permeability produced by them through structural alter- 
ations in the protoplasmic membrane. Evidently, the underlying idea 
is that the cations merely control the inward diffusion of the substrate 
from the medium into the cell, but do not exercise any appreciable influence 
on the enzyme systems responsible for the metabolic process in the cell 
interior. This supposition is, however, not in agreement with quite a 
number of results in which the direct (stimulating or inhibiting) action 
of cations upon various enzymes, present in intact cells as well as cell 
extracts, could be demonstrated. 

Dr, H. L. Booij (Leiden) said : I am very thankful for Dr. Lasnitzki *s 


♦ On three preceding papers. 
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remark, as it enables me to point out why we think that some inorganic 
cations change cell permeability and that they do not act on enzyme 
systems within the yeast cell. 

(i) It is a well-known fact that the rate of permeation of many in- 
organic cations into protoplasm is very low. Supposing that these cations 
act on one or more enzyme systems, one would expect that the fermenta- 
tion would be affected after a certain lapse of time only. The experi- 
ments show, however, that the decrease of fermentation takes place 
practically immediately after the addition of the salt, so that the action 
of cations on enzymes within the cell seems to be excluded, and it becomes 
probable that we are dealing with a rapid ion exchange at the surface of 
protoplasm. 

(ii) The horizontal levels in the fermentation curves of certain cations 
arc difficult to understand from the hypothesis of an influence on enzymes, 
especially as these levels lie at different fermentation rates for various 
cations (see e.g. Ni and Mn in Fig. 7). 

(iii) An experiment on Trockenhefe with Ni(N03)2 showed that fer- 
mentation is still 100 % of the blank at log C ~ 0‘Qo ~ 4, while it is zero 
at log C 0-40 — 3. Thus the enzyme systems without the protecting 
protoplasmic membrane react totally different from the intact cell. 

(iv) That the protoplasmic layer protects the cell against cations and 
that these cations permeate only very slowly is shown by the fact that 
respiration of the yeast cells is decreased only at high concentration of 
Ni(NOa)2 (log C == — 2). The discrepancy between the influence of Ni++ 
on fermentation and respiration might be explained by the fact that the 
fermenting cell consumes much more sugar, and that consequently the 
permeation rate of sugar will be the limiting factor for fennentation. 

(v) Some cations (e.g. Cu++) depress fermentation as well as respiration 
completely in low concentrations. Here it might be supposed that an 
influence on enzyme systems within the cell is the main cause of this 
depression, and it would be very dangerous to ascribe this effect to a change 
in permeability. 

So we arrive at the following conclusion. The influence of ions on a 
metabolic process might be explained in two ways : 

(i) In cells which are very permeable to these ions a direct influence 
on enzyme systems takes place, 

(ii) In cells which show a low permeability to ions the influence of 
these ions on permeability might be the decisive factor. 

I feel, in particular, that the appearance of horizontal levels (as in 
Fig. 7) may be a useful indication to judge which of these two phenomena 
is the main cause of the influence of the cations on the metabolic pro- 
cess. Practically the same argument was used by Hotchkiss ^ when he 
rejected the idea that detergents act on enzyme systems within the 
bacterial cell. When dealing with case (a) one would also expect a 
time effect, while in the second a marked difference between the influence 
on aerobic and anaerobic processes must appear (this might also appear 
in the first case, of course). Transitions from case (ii) to case (i) might 
in some cases be performed by treating a cell for a long time with a slowly 
permeating salt. Then eventually the concentration of the cation within 
the cell will grow high enough to affect certain enzyme systems. More- 
over, it seems justified to assume that various cells differ very much as 
regards their permeability to ions. 

I agree with Dr. Lasnitzki that the influence of cations on a metabolic 
process may only be taken as an indication of changes in permeability 
if we are sure that we are dealing with the second case. The reverse 
also holds ; one may ascribe the influence of cations on a metabolic 
process of a living cell to an action on enzyme systems only if one is sure 
that permeability changes do not enter into the picture. 

^ Ann, N.Y, Acad. Sci., 1944, 4 ^» 479* 
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Dr. J. A. Lovern {Aberdeen) said : There are two points I would like 
to make on Prof. O’Connor's paper, (i) Recent work in Canada by Hoar 
and Dorchester* has shown that heat tolerance in goldfish is dependent 
on the composition of the body fat and can be markedly altered by feeding 
the fish on special fat diets. This work seems to lend support to Prof. 
O’Connor’s general thesis. 

(2) Prof. O’Connor draws attention to the fall in oxygen consumption 
in earthworms at 17® C and suggests that this may perhaps be due to the 
presence of 5 % of lauric acid in the earthworm lipids. The fatty acids 
of earthworms are a particularly complex mixture and one would have 
expected the curve for the earthworm to show falls (and perhaps also 
increases) at numerous points, coiresjxinding to the various acids present 
in addition to lauric, palmitic and oleic acids. 

Prof. J. M. O’Connor (Dublin) said : I thank Dr. Lovem for directing 
attention to the work of Hoar and Dorchester. A difficulty is presented 
by the presence in some animals of unsaturated fatty acids whose surface 
properties, at least so far as temperature is concerned, are unknown. 
It is very probable, however, from analogy, that they will have disappeared 
from the surface at temperatures below that at which oleic acid dissolves 
and would consequently not produce effects on the oxygen consumption 
at temperature as high as 30°. In the specific case of the earthworm 
it has been pointed out that the oxygen consumption begins to fall at 
about 28° (instead of at 30° in the frog) and it was suggested that this 
earlier fall might be due to some of the lower imsaturated fatty acids 
which occur in the worm, but not in the frog. 

Dr. P. R. Rowland (London) said : Would it not be correct to say 
that about the only interfaces of any importance within the animal cell 
are Ix^tween aqueous fluids containing more or less dissolved or dispersed 
matter on the one hand and proteins or fats on the other ? And w'ould 
a fatty acid behave at either of these interfaces as it does at water-air 
interfaces, especially as regards temperature effects ? 

Whether it does so by means of the nervous system or by localized 
automatic processes such as those postulated in the paper, the l>ody must, 
of course, control temperature by reference to the physical state of a 
substance or system of substances. It is possible that the behaviour of 
fatty acids at water-air interfaces with respect to temperature variation 
may reflect fundiimental properties which arc independent of the par- 
ticular type of phase boundary involved, but I think that this should be 
established by experiment and not assumed. 

Prof. J. M. O’Connor (Dublin) said : Monolayers of fatty acids have 
iHjen studied almost exclusively at water-air surfaces. The substitution 
of another phase for the air might be exi)ected to modify the behaviimr 
of the layer, but not drastically to alter it.-'* It is not to lie expected that 
all speculation about the chemical organization of the cell should be sup- 
pressed until its microscopic structure has been fully described and the 
description universally acce])ted as correct, and until the behaviour of 
fatty acid monolayers at all varieties of phase boundaries had been 
satisfactorily examined. Here speculation has led to experimental 
tests which, when carried through, show results corresponding to the 
known behaviour of fatty acid monolayers. This appears to be a legitimate 
procedure. 


* Hoar^and Dorchester, Can. J. Res. D, 1949, 27, 85. 

* Alexander, Ann. Reports, 1944, 41, 5. 
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CHROMATOGRAPHIC ANALYSIS 


GENERAL INTRODUCTION 

By Arne Tiselius 
Received 22nd September, 1949 

It is probably well known to all those present how chromatography, 
although invented and applied for the first time as early as in 1906 by 
Tswett, was almost completely neglected for a period of 25 years, and how 
it was actually rediscovered in 1931 by Kuhn, Winterstein and Lederer, 
who applied it to the resolution of plant carotene into its components. Then 
followed a period of rapid development, the importance of which may 
perhaps best be illustrated by a quotation from Karrer, who in his Congress 
Lecture to the International Congress of Pure and Applied Chemistry in 
London in 1947 stated that . no other discovery has exerted as great an 
influence and widened the field of investigation of the organic chemist as 
much as Tswett’s chromatographic adsorption analysis. Research in the 
field of vitamins, hormones, carotinoids and numerous other natural com- 
pounds could never have progressed so rapidly and achieved such great 
results if it had not been for this new method, which has also disclosed the 
enormous variety of closely related compounds in nature.'" 

As a matter of fact the progress in the field of chromatography during the 
last 5--10 years has been so striking both with regard to the method itself 
and to its scope of application that one is tempted to speak about a second 
discontinuity in the curve which would describe the development of this 
remarkable method and its importance in all fields of chemistry. The time 
chosen for this Discussion is therefore particularly suitable and I feel that 
we all would like to express our thanks to the Faraday Society for organizing 
a discussion of this matter just now. The number of communications in 
this field is rapidly increasing and there has hardly been time enough to 
compare experiences with alternative methods or to discuss the numerous 
new applications which now seem possible. This meeting should afford an 
opportunity for this and for other valuable discussions in the field. 

Some of the most important recent developments are : the development 
of partition chromatography, the introduction of efficient ion-exchange 
materials suitable for chromatographic work, the introduction of improved 
methods for following the process of separation by continuous physico- 
chemical measurements or by automatic sample-collectors and the micro- 
chromato^aphic methods made possible by using filter paper as a medium 
for partition chromatography. The combination of chromatographic and 
tracer methods is only in its beginning but has tremendous possibilities. 
Although not strictly belonging to chromatographic methods in a narrow 
sense I would like to add to these examples the counter-current extraction 
methods developed by Craig. 

If one would try to mention some particularly striking examples of newer 
applications, it is obvious that chromatography is no longer limited to the 
substances studied by organic chemists and biochemists. The recent 
successful separations of rare earths and fission products from the uranium 
piles are particularly good examples of the wide scope of the method. Even 

7 
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if it is obvious that the separation and purification of organic substances of 
native or synthetic origin is the main object of most chromatographic work 
it is now clear that the particular application to the complex mixtures of 
breakdown products obtained by splitting proteins, polysaccharides, nucleic 
acids and other large molecules has already given chromatography a prom- 
inent place among the tools of the structural chemistry of these extremely 
important substances. Among the newer applications it should also be noted 
that some quite promising attempts have been made to apply chromato- 
graphy to high pol5nners and to viruses and some other proteins. The 
adsorption analysis of gases and vapours also seems to have useful applica- 
tions. Many other examples will be given in the papers presented at this 
Discussion. No doubt chromatography can now be said to be of essential 
importance for the whole field of chemistry, and no other separation method 
has such a wide field of application. 

Despite this, one has still the impression that much work in this field is 
too empirical. That is natural enough, because if a separation is successful 
there is no immediate need for going deeper into the subject in that particular 
case. But if the separation is not successful there is every reason to do so. 
We are still far from the goal of placing chromatographic methods on a 
rational basis to the same extent as has been done, for example, with fractional 
distillation. The formal theory of the method has been worked out in detail, 
and we shall listen to some v^uable contributions on this aspect in the first 
section of this Discussion. In my own laboratory we have found it useful to 
distinguish between three main types of chromatography, namely, frontal 
analysis, elution analysis and displacement analysis, as the conditions for 
the successful operation of a column are quite different in these three cases. 
The theoretical treatment of elution in partition chromatography, as worked 
out by Martin and Synge, is particularly illuminating since it describes the 
action of a partition column as a counter-current extraction arrangement 
with a very large number of theoretical plates. The fundamental charac- 
teristics of a column are of course the a^ity between the solute and the 
particles of the column in the medium used for the separation, that is, 
the adsorption or the partition isotherm, or, with a common denominator, the 
“ distribution ** isotherm, and that naturally will enter into any theoretical 
treatment of the operations as the chief unknown variable. One of the 
great advantages of partition chromatography is that this function can be 
predicted reasonably well on the basis of known solubilities in the two 
phases. The situation is not quite as favourable in adsorption chromato- 
graphy. It appears to be very difficult to prepare reproducible adsorbents 
if they are to be sufficiently powerful to be used in chromatographic columns. 
The influence of small impurities on such large active surfaces is naturally 
very great. In my opinion, however, one should not be too pessimistic 
about the possibilities here, because one has the impression that on the 
whole the relative magnitudes of adsorption affinity in a series of substances 
will be fairly constant, even if the capacity may vary from batch to batch. 
That is certainly true for a number of active charcoals, as shown, for example, 
by Claesson in his work on fatty acids where Traube's rule determines the 
variation of adsorption with molecular size in an homologous series. Similar 
regularities have been found with amino acids and sugars on charcoal. The 
change of affinity by changing the composition of the solvent is, of course, 
of the greatest importance in the '' development " of chromatograms, and 
here the change from non-polar to polar solvents (or the reverse) has been a 
standard practice in chromatography for many years. Such effects can be 
predicted qualitatively, at least with a reasonable degree of certainty, and 
have been studied in detail, for example, by Trappe in his work on the elu- 
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tropic series ” in the elution of lipids. The ion-exchange resins, as, for 
example, Amberlite, Wofatite and Dowex, are really to a certain extent 

adsorbents made to order and have already proved to be extremely 
useful both for separation of inorganic ions, of amino acids and many other 
substances. On the other hand, these adsorbents show a specificity which is 
not only dependent upon electrochemical properties. It would be highly 
desirable to study such phenomena in detail, and to investigate the influence 
of the size of pores in these materials and the possibility of preparing very 
porous resins for use with larger molecules. 

Speaking of adsorbents which can be made to have a certain specificity, 
F. H. Dickey has recently published a paper ^ in which silica gel was precipi- 
tated together with, for example, methyl orange. The resulting adsorbent, 
after removing the indicator, had a very marked specific afiinity for this 
substance. If this principle would prove to be of general applicability, it 
would, of course, mean a great step forward. 

Mixed solvents, obtained, for example, by the addition of a polar solvent 
to a non-polar, working with a polar adsorbent, are generally used for elution 
or for the development of chromatograms, as has already been mentioned. 
This is probably due to a displacement effect, as was already realized by 
Tswett in his first communication. The reverse effect also must exist, 
although it has not been studied in great detail. Thus addition of a second 
component to the medium must, under certain circumstances, promote the 
adsorption of the solute. This component may be adsorbed in a polymolecular 
layer, which may have an afiinity for the solute, which the original adsorbent 
did not have. We are here on the borderline between adsorption and partition 
chromatography — in the latter case the layer has extended so much that one 
can speak of a separate phase. In discussing the various forms of partition 
chromatography and the eventual influence of adsorption in these, I believe 
it is well to keep in mind that such phenomena are likely to occur. There 
is also the possibility that the substance added to the medium will not 
appreciably change the properties of the adsorbent but will change the 
thermodynamic potential of the solute by change in electrolytic dissociation, 
by complex formation or by other effects which express themselves as a 
change in solubility of the solute. This is made use of in certain cases of 
elution by modification in pH, by addition of citrate or other complex- 
forming agents. But here also the reverse effect has been observed. Thus 
any agent which will decrease the solubility of a substance should increase 
its adsorption, provided that the adsorbent is not influenced. Some dye- 
stuffs which are normally not adsorbed on filter paper will do so on addition 
of salting-out agents, for example, ammonium sulphate, and good chromato- 
grams can be obtained by elution with water. Some proteins show this 
phenomenon too, especially on Celite and silica gel, and it has been used for 
the chromatographic separation of some viruses. 

We thus have in our hands varying methods of modifying the adsorption 
affinity and specificity of adsorbents by addition of suitable substances. 
With the enormous number of alternative combinations possible it is natural 
that this field has as yet been very little explored, but it is well to remember 
that it is no longer necessary to feel oneself limited to the adsorption charac- 
teristics of the commercially available adsorbents as they are obtained 
from the manufacturer. However, for the application in chromatography 
it is essential not only to have adsorbents of satisfactory affinity and speci- 
ficity, they must also have a reasonably high capacity and be capable of 
acting reversibly at a fairly fast rate. That often limits the choice quite 
considerably. For the elution procedure it is very essential to avoid the 


^ Proc. Nat. Acad. Sci. {Washington), 1949, 35, 227. 
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unpleasant lagging behind and broadening of the zones which is usually 
called tailing/' The tailing may be due to a too slow establishment of 
equilibrium, but just as often it is the consequence of the adsorption or 
partition isotherm being curved which makes the higher concentrations of 
a zone travel faster than the lower. A great advantage of partition chromato- 
graphy is the fact that the isotherm is generally almost linear. With adsorp- 
tion this is not so often the case, at least not for strongly adsorbed substances. 
At low concentrations, however, many adsorption isotherms are linear, as 
required by the Langmuir theory. This is, of course, ultimately a question 
of the homogeneity of the surface with respect to affinities, but also a question 
of the space available and when saturation is approached the isotherm is 
bound to bend and become concave, both in adsorption and partition 
processes. In such cases it is evident that elution cannot separate two 
components A and B (A more strongly bound than B) if the lower concen- 
trations of B would show a higher relative adsorption or partition than 
the higher concentrations of A. A great advantage of displacement and 
frontal analysis is that the stationary concentration of the zones is constant 
even in such a case and thus a separation can be realized, and very large 
columns may be used without any spreading out of the zones. 

In the development of chromatographic technique during recent years 
there has been a tendency to use the so-called “ liquid ” chromatogram 
method for following the separation. This method has great advantages as 
it makes one independent of optical methods for observing the zones directly 
on the column. The new automatic sample-collectors of Moore and Stein 
have proved extremely useful for this purpose. The other alternative of 
continuous observation of some convenient physicochemical property 
related to the concentration of the percolate as it leaves the column has 
been studied particularly in my own laboratory and also in a number of 
other places. These methods are particularly useful in the study of dis- 
placement and frontal analysis when the number of observations must be 
very large to get the concentration-volume curve accurately reproduced. 
Some combination of both methods would seem to be the most ideal proce- 
dure, but it is highly desirable to increase the sensitivity of the optical 
(or other) methods applied to be able to deal with the very low concentrations 
used in most work in partition chromatography. This is also essential for 
the proper interpretation of frontal analysis curves, where one wants to use 
low concentrations in order to avoid displacement effects as far as possible. 

The direct observation of zones on the column has many advantages, 
and several interesting suggestions for new procedures have been made 
for the observation of colourless substances. Ultra-violet absorption 
observation of columns in quartz tubes offers many interesting possibilities, 
but one is, of course, then always limited in the choice of the adsorbent. The 
filter-paper chromatography offers some problems of this kind — ^there it 
now seems particularly important to develop the method further in the 
quantitative direction. 

Chromatography has so far been based only upon adsorption and partition 
phenomena, but it is obvious that any phenomenon which would — in a specific 
manner — influence the rate at which a zone of a substance travels through 
a column might be utilized for separation purposes. Electrophoresis and 
ionophoresis are related processes and have been utilized in a way analogous 
to chromatographic separation, using the column chiefly as a stabilizing 
medium to avoid gravitational or thermal disturbances. A combination of 
chromatography and electrophoresis has been tried by Strain. It seems 
as if electrophoretic seppation in columns of ion-exchange resins would 
offer interesting possibilities, as it must be expected that the specific affinity 
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of the substances to the resin will strongly influence their migration. There 
is another possibility, which I have several times discussed with Dr. Martin 
and Dr. Synge, namely, to make use of diflerences in the frictional resistance 
in a gel. Such separations would mainly depend upon differences in molecular 
size, and would thus be very valuable in many cases, but offers great technical 
difficulties. Some of the separations observed in ionophoresis in gels may 
be due to such effects, in part at least. 

I am afraid that in this Introduction I have dealt more with methods than 
with applications, but it is perhaps not necessary to this audience to exemplify 
further the possibilities of a method of such an enormously wide scope as 
chromato^aphy. The various titles of the many papers to be presented 
at this Discussion and the presence here of representatives of all fields of 
chemistry and from many countries is a proof as good as any of this point. 
I shall be very happy if the remarks I have made here would stimulate the 
Discussion, to which we are all looking forward with the greatest interest. 

Biokemiska Institutionen, 

Uppsala Universitet, 

Uppsala, Sioeden, 


I. PHYSICOCHEMICAL PRINCIPLES AND THEIR 
UTILIZATION 

INTRODUCTORY PAPER 

By Stic Claesson 
Received 2 nd September, 1949 

The importance of chromatography is still rapidly increasing as can be 
clearly seen from the great number of very interesting contributions to this 
Discussion. Papers have been presented to this Section which have deepened 
our understanding of the chromatographic method and important advances 
have also been made in the experimental application of these ideas. 

It is certainly true that well-designed experimental arrangements are of the 
utmost importance when difficult separations arc attempted. Remarkable 
results can be achieved in this way which is evident from many contributions 
to this Discussion. A typical example of this kind of work is also Moore 
and Stein’s experiments ^ on the separation of amino acids, some of the most 
carefully planned and beautiful experiments in chromatography ever 
published. 

However, if a problem can be solved in different ways, the simplest way is 
always the best. A simple fraction collector is therefore often quite as useful 
as a more intricate apparatus for the continuous recording of the concentra- 
tion of the effluent, and in many cases the inspection of the column with an 
ultra-violet lamp is quite satisfactory, particularly when the quenching 
of the fluorescence of the adsorbent is observed.* * 

The most important factor in all chromatographic work is, of course, the 
properties of the adsorbent in the column. Nothing can therefore ever 

^ Moore and Stein, /. Biol. Chem., 1948, 176, 337, 367 ; 1949, 178, 53, 79 

* Sease, J. Amer. Chem. Soc., 1947, 69, 2242. 

* Brockmann and Volpus, Ber., 1947, 80, 77. 
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compete in importance with the introduction of new and powerful adsorbent 
columns and it is also well known to everybody that the greatest progress 
in chromatography in recent years is due to the introduction of two new 
types of adsorbent, the partition column and the ion-exchange column. 

It is therefore always of the greatest interest to follow the introduction 
of new principles for controlling the adsorption process either by changing 
the adsorbents or solvents used. Several very interesting papers dealing with 
such problems are found here. 

In this connection a paper published by Dickey should be mentioned.* 
Following some ideas of Pauling he was able to show that silica gel pre- 
cipitated in the presence of, e.g., propyl orange after washing had a greater 
adsorption affinity for that compound than for methyl, ethyl or butyl 
orange. If such results can be improved and extended they will be of such 
value that their importance can hardly be overestimated. 

There are, however, two factors about which so little is known that they 
almost prevent progress in certain branches of chromatography. One is 
the problem of the connection between adsorption and chemical structure. 
Some progress has certainly been made in this field, but much still remains 
to be done before we can choose the adsorbents in a scientific way instead of 
using our intuition which is almost the best we can do to-day. 

The other factor which prevents the progress of chromatography is the 
lack of reproducible adsorbents of constant quality standardized in suitable 
ways. This dififtculty could certainly be overcome by the chemical industry 
of to-day if the importance of this factor was made sufficiently clear to 
manufacturers of chemical products by a suitable group of scientists, e.g., 
those present at this Discussion. 

Fysikalisk-Kemiska Ifistituiionen, 

Uppsala, Sweden, 

*■ Dickey, Proc. Nat. Acad. Sci., 1949, 35. 227. 
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VII. The General Theory of Two Solutes following Non-linear 

Isotherms 

By E. Glueckauf 

Received 2nd June, 1949 


The movement of solutes in an ideal adsorbing column during a chromatographic 
separation depends on the adsorption isotherm, i.e., the amounts /, and A adsorbed 
in equilibrium with the concentrations and of the two solutes. 

Calculation leads to the fundamental relationship, d/jdci = This results 

from the conservation of solute mass in an adsorbing column under the normal chromato- 
graphic conditions, and it requires that coexistent Cj and c, are functions of each other 
only. The solution of the equation leads to a family of curves (characteristics) in a 
system with the co-ordinates and c,. Co-existing concentrations of the two solutes 
occurring in the same chromatographic boundary lie on one such curve and this curve 
is uniquely determined by the composition of the original solution and by the solution 
used for developing the chromatogram. The sequence of concentrations in the column 
(i.e., the path followed in the diagram of characteristics) as well as any new con- 
centration plateaux developing spontaneously, and the occurrence of sharp or diffuse 
boundaries, can be predicted by the application of a few simple rules, which are deduced. 
In this way a unified method is provided which can predict the chromatographic 
development of any binary mixture of which the binary adsorption isotherms are 
known. This applies both to solvent development and displacement development. 
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General Theory, — If a small amount of solvent dv containing an 
adsorbable solute of concentration c passes through a narrow section of the 
column weighing dx g., then conservation of mass requires that the amount 
of solute lost from the solvent during passage of this section must have 
increased the solute content of this section (f(c)dx), see Fig. i. 


c/ y.c 


c/xi 




I Conren/^ cha?f^es from 
dv 


Fig. 1. — Baliinco of soluti'. mass for a solution flowing through a column of sorbent. 

This, as has been shown by Wilson/ must be true for every individual 
solute, and leads to the differential equation 

. . . (I) 


( if ° • 


etc. 


(4) 


In the further development of this function it must be taken into con- 
sideration that ft is usually a function of the concentrations of all the solutes 
present in the solution : 

fi ==/► (^l> C2, . . . . C/) . . . . . (2) 

For a sharp boundary, the conservation of mass requires that 

dt^ . Ac, — dx . A/, , . . . • (3) 

and as this applies to all the solutes present, the movement of such a sharp 
boundary can be ('xprossed in terms of any of the solutes : 

dz; ■■■ \A/iA“ Ia/“// 

For a diffuse boundary, cqn. (i) can be transformed as was done by de Vault : 

(£).,= ■ ■ ■ • <=«) 

(£)„' 

For further discussion we confine ourselves to only two solutes and we 
assume that the isoth(‘rms j\ and such that 

(I) for c^ = o,/i o, 
for Cg = o. /g — o 
and 

(II) that has the same sign as Vi/^Cg. 

The first assumption is obvious and the Gibbs-Duhem equation requires that 
the last assumption is always satisfied. 


^ Wilson, J. Amer, Chem. Soc., 1940, 62, 1583. 
* De Vault, ibid., 1943, 65, 532. 
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Two situations are possible : 

(i) either there is a functional relationship between Cj and C2 alone, not 
involving v and Xn Then we have a relationship of the type, 

Cl = (p (^ 2 ) . . . . • (6) 

or (ii) there is no such relationship. 

A mathematical analysis of the properties of the system (5a, b) shows 
that case (i) holds only for the very simplest boundary conditions, i.e., if 
a solution of constant concentration is fed into an adsorption column which 
itself contains the solutes in another constant concentration. Fortunately 
this is the rule in normal chromatographic procedure. One starts with the 
boundary conditions Ci = o, Cg = o (empty column), then adds the solution 
to be separated into its constituents with the constant composition (ci = 
Ci°, Cg == C2^), and then develops this band of constant concentrations with 
another solution where again Cj = o and C2 = 0. As soon as we introduce 
special boundary conditions, e.g., an initial distribution of solutes in the 
column of a type which does not arise from feeding a solution of constant 
composition, we have case (ii). In these cases it will not be possible to find 
a simple dependence between the variations of x and v due to the fact that 
there is a varying — Cg combination which does not permit the function 
dftjdci to be expressed in terms not containing x and v themselves. For all 
practical purposes case (ii) will only arise when, in the rare case of isotherms 
convex against the c-axis (when a diffuse front is produced), the band is 
developed with a different solvent. It is not believed that these cases are 
sufficiently important to warrant an exceedingly involved discussion. 

In the event that there is a functional relationship (6) between Cj and Cg 
(case (i)), eqn. (5a, b) become 



and eqn. (8) makes it possible to derive this relationship between coexistent 
values of and Cg (eqn. 6). 

Partial (hfferentiation of both sides of (8) leads to 




dc,y 

I 


Vi 

^Cj 


fdcA 


Vc, 

I - \ 


== o , 


(9) 


"1 \^^l/ 

which form was first used by Offord and Weiss.® For any given Cj and Cg, 
the quadratic eqn. (9) leads to two alternative values for dcj/dcg. In 
view of assumption II with respect to c^) and Cg), the free term 
in this equation is negative. Consequently the two roots of the quadratic 
are both real, one being positive, the other negative. 

Eqn. (9) makes it possible to construct the curves of Ci as function of 
-Cg for any given isotherm and for any given starting point Cg®, the next 
points on the curve being given by 


Cz = ^2° — Acg and c/ 
Cg'^ = C2 — Acg and c/ 



Acg , 





® Offord and Weiss, Nature, 1945, 155, 725. 
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and so on. In this manner we can determine the two curves passing through 
the point with positive slope, by using first the positive values of 

dci/dcj, and with negative slopes, by using the negative values. Starting with 
all possible points in the quadrant > o, Cg > o, we shall obtain two 

whole families of curves, covering the entire quadrant. These families of 
curves are known as the families of characteristics ” of the differential 
eqn. (8) (Fig. 2 ). Only such combinations of and can occur in the 
same chromatographic boundary which lie on the same characteristic. 

(Instead of constructing the characteristics, it is sometimes more 
convenient to use the fi-f^ characteristics. The choice depends on the 
equation for the adsorption isotherm. All the general conclusions drawn for 
the c characteristics apply equally to the / characteristics, though the 
equations are obviously modified.) 



C-£ 0^4 0-6 OS f'O f-2. /-Jt 

a,c, 


Fig 2. — diagram of characteristics for the adsorption isotherms 
«i^i = /i(/i -1-/2) = 2 

«2 ^2 ~ A {/l “F A) 

Only sets of concentrations lying on the same characteristic can coexist in the same 
chromatographic boundary. 


The fact that the entire quadrant Ci > o, Cg > o is covered by these 
curves is of importance, because it implies that the ‘‘ envelope " of these 
curves, which itself represents a solution to the differential equation, lies 
outside this quadrant and therefore does not include cases where both 
concentrations have values above zero, which alone are of practical signifi- 
cance. Thus no ambiguity is possible. 

It is also important to note that a particular characteristic is defined 
by only one concentration set Cg, so that, if a column is filled with a 
solution and then developed with a solution cj Cg, we cannot as a rule 
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expect that these two solutions lie on the same characteristic. Each solution 
will possess its own pair of characteristics, which is of some importance for 
the form of chromato^aphic bands of two solutes (Fig. 3). 

Thus, when a solution is poured on a column which has previously been 
treated with another solution containing the same solutes at different con- 
centrations, they will, as a rule, produce two separate boundaries, separated 
by a band of constant concentrations Cg*, which correspond to the point 
of intersection of two characteristics passing through the points and 

Cj Cg, respectively. 

But before discussing this in detail, it is necessary to return once more 
to eqn. (7) which concerns the v-x relationship, i.e., the movement of a point 
of given concentrations Cg. 

We can write 


c, dcj 


Vi , Vi 
J)ci ac, 


1 /dC2\ 

2 ■ \^cj 


(10) 



Fig, 3, — p^-p^ diagram of characteristics for any Langmuir isotherm showing the 
parabolic envelope of the linear characteristics. 


If we take the case of a binary isotherm where is negative (which is 

almost invariably the case), then it follows that dvjdx for a given point Cg 
is always smaller, and consequently the rate of movement dx/dv of a point 
Cl Cg is always larger for positive values of dcjdci than for negative ones. 

A concentration plateau Ci* Cg* in a chromatogram is only stable and 
growing when its forward point moves faster than its rear. It follows from 
this that a concentration plateau c^ c^ is produced spontaneously in a boundary, 
if the boundary section in front of it travels along the positive characteristic of 
Cl* Cg* (lc., towards Ci cf" in Fig, 2) while the rear travels along a characteristic 
where dcj/dcg is negative [or zero) (Rule i). 

This eliminates any ambiguity as regards the route which a boundary can 
^ake between two points, as the alternative concentration plateau at the point 
P (Fig. 2) cannot form spontaneously, if the solution li Cg follows the solution 
Cl Cg®. (If, however, Cj Cg is in front of Ci c^, then for the same reason the 
boundary contains a concentration plateau near P.) 
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When changes occur in a column along the characteristics of the equation 


4 /1 (^1 ^2) _ (^1 ^2) /o\ 

dcj dcg ' • • • w 

then ^2 is always a function of Cj defined by the original solution {ci° c^) of 
the particular case. We can therefore write 

d^ (£i_£ 2) / V 

dx'^' dCi " dCi * ... [Ll) 


where is a new function of Cj only, which fully corresponds to the adsorption 
isotherm f{c) in the case of a single solute, with the only exception that the 
function depends also on the initial conditions C2°. Counting v from 
the change-over to the new solution we can integrate to 


and 



dF, (c,) 

V 

Idfi (ciCg) 

dc. 

= = VJ 

dcj 

dF^ (c,) 

V 

/ d/2 (Cj Cg) 

dca 

~ 77 ' ” ^ i 
^2 1 

dcg" 


. (12a) 
. (126) 


Once the transformation to the single solute equation has been made, the 
sequence of chromatographic band movements follows in a straightforward 
way, as has been described in previous publications.^ ® ® 

The question where a diffuse or a sharp boundary arises is again very 
similar to the case of a single solute as neither dci/dx nor dcjdx must become 
positive in a frontal boundary or negative in a rear boundary. It thus 

depends on F/ and on which type of boundary occurs. 

But, unlike the case of a single solute, it requires some knowledge of the 
characteristics to see under what conditions and F./ are positive or 
negative. 

Langmuir Isotherms. The general case can be best understood by 
illustrating it with the Langmuir isotherm, which offers the advantage that 
eqn. (8) can be directly solved by integration, so that general expressions 
can be obtained for all functions, and for the movements of all points in 
the chromatographic band. 

Writing the Langmuir isotherm in the form 


and 


/i = 




I T* ^di Cj c 2 


(13a) 


f ~ - /toM 

i + .... (136) 

where a2>ai and p are all some positive constants. It is convenient to 
introduce 

= bi and pa2 == and ajui = b^jb^ = K, 

(As shown by Kemball, Rideal and Guggenheim ^ the use of different values 
of pj and p2 offends the Gibbs-Duhem law.) 

For these isotherms (8) reduces to 


&i(i + + 6162^2(^^1)^ — 6i62Ci(dc2)2 — 62(1 + 61 Cl) dcjdcg . (14) 


* Glueckauf, Proc, Roy, Soc. A, 1946, 186, 35, 

• Glueckauf, J. Chem. Soc., 1947, 1321. 

•Coates and Glueckauf, /. Chem, Soc,, 1947. 1309* 

^ Kemball, Rideal, and Guggenheim, I'rans. Faraday Soc,, 1948, 44, 952. 
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Putting for brevity 

^1 ^2 r h 

- 6, * ~ ’ ’ 

(i5«) 

and 


(156) 

and dividing by {dp 2)^ 3 

we obtain 




Differentiating again with respect to 

I; -(i + =0. . .(. 7 ) 

Hence, either is a linear function of or 

2^2 . ^ = I -- A .... (i8) 
Eliminating d^i/d^2 Cleans of (i8), we obtain 

(i + Pi - p2)^ + 4PiPz = o • • • • (^9) 


This function is a parabola which merely touches the quadrant Cj > o, 
c, > o at the point Ci = 0,02 = otherwise entirely outside this 

Oi O2 

quadrant. It does not, therefore, apply to any real concentrations and need 
not concern us. 

The only solutions of (16) where p-^ and p2 are both positive arise therefore 
from 


d_^i 

#2^ 


o. 


(20) 


where pi is a linear function of p2- This leads to 

= X . _/>2 “■ » • • • • ( 2 X «) 


or, returning to the concentrations. 


(_^2 ~ ^ 1 ) ^ 

^2 X) 


. (216) 


Here X is an integration constant, depending on the given starting concen- 
trations. In a system of Ci and Cg co-ordinates, eqn. (21a or b) represents 
straight lines which envelop the parabola of eqn. (19), and this makes it 
easy to construct the lines (21a or b) geometrically (Fig. 3). If we are given 
some point Cj Cg we can draw through this point the two tangents to the 
curve (19) and these tangents give us the two characteristics passing through 
the point Ci Cg, which contain all the coexistent concentration sets. From the 
fact that the lines (21) are tangents to a convex curve, it follows that no two 
different lines possess the same value X. Consequently X, which is the slope 
of the lines (21a), can serv^e as a parameter to distinguish one characteristic 
from another. 


As two tangents pass through every point Cj > 0, Cg > 0, we can introduce 
the two X values as parameters characterizing every mixture Cj Cg. We take 
the positive Xs as the parameter (x, and the negative ones as the parameter v. 
The jwsitive-slope family of characteristics has values of p > o while the 
negative-slope family has values of v between 0 and — i. 
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If we are given a point Cj, then p, and v can be determined by solving 
(216), for X in 


X* + X (i - = 0, . 

\ Cj bib2C2 1 C2 

. (21c) 

and identifying the positive root of the quadratic with p and its negative root 
with V. 

The values of p as function of and (b^ — bi)/bi b^ Cg are shown in 

Fig. 2.* 

From the equations of the two characteristics (see (21ft)), 

Pi = li-Pi - (a/(i + y-). 


and Pi = — v/(i + v), 

we can solve for Pi and p2> or Ci 3 -nd Cj. 


62-6, -v 

^ 61 ^2 (l + + V) ' 

• (22) 

62-61 I 

• (23) 


which gives us the values of Cj and c^, in terms of the parameters p and v. 
Both expressions are positive, as v is negative and > (—1). 

We can also express fi(ciC^ and f 2(02^2) as functions of the parameters u. 
and V : 


'^•''P6i(p + A)(v + A) ’ • 

• ( 24 ) 

p6i(p + A)(v + AT) ’ • 

• ( 25 ) 

we then obtain the movement of a point of concentration Cj : 


fA*! pt.l /ra/,! 

LM... <1/. L»''J./L^U ■ ■ 

■ (26) 

along the positive characteristic, 


■ ■ ■ 

• (27) 

along the negative characteristic, by partially differentiating (23) and (25) 
with respect to v or p. Thus we obtain the simple functions : 

r _ I /V + j h -f A’'\’‘ 

ajATlp + i/ ■ 

(See Fig. 4 (a), A->B or D->C.) 

. (28) 

r ^ / 

J.c. \ y + 1 / v + 1 1 

(See Fig. 4 {a), D->A or C->B.) 

. (29) 


It is easy to see from this that the movement along the positive characteristic 
proceeds faster than along the negative one, as was already predicted generally 
for isotherms where negative. 

The condition that we have a sharp boundary requires that dc/dx, deduced 
from (28) or (29), is positive at a falling concentration (e.g., when forming 
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the front of a band) and negative at a rising concentration (e.g., as rear of a 


band). 

Using 


and 



as all variations must occur along one of the characteristics, we obtain by 
differentiating (22), (23), (28) and (29) for constant v : 


where Z) = 2^ 



(fJL + K)(V + 

[-ir 


dcj 

dx 

— J* 


. (v + i) 

D 

K) . v/K ; 

V . ((X + i) 

D 

(v + i) 

I) 


(1 + I 

D 


always positive, 


always negative 
always positive 
always positive. 


• (30) 


• (31) 

• (32) 

• (33) 


For a single solute isotherm of the Langmuir type [dcjdx],, is always positive ; 
we can, therefore, conclude from the above information (30-33) that the 
more strongly adsorbed solute II behaves in the presence of solute I, as 
far as type of boundary is concerned, in the same way as if solute I were 
not there at all. This means that where the more strongly adsorbed solute 
increases along the column we have a diffuse boundary, while where it changes 
to a lower concentration we have a sharp boundary (Rule 2) . Fig. 4 illustrates 
the practical aspect of this rule for the properties of various boundaries. 

The rate of movement of these sharp boundaries (s.b.) is given by 

r 1 - 
La.J - AA aa ■ 


and replacing the c and / values by (jl and v from eqn. (32-35) leads to 

■,[i -I- 1/ 


^x 

Av 


I _ 


Vl + I 


Va + 


x) 


Ax 

Av 


(See Fig. 4 (a), B->A or C->D.) 


\|Xl + t) \|xr+ ij \»' + 

(See Fig. 4 (a), A->D or B->C.) 




(34) 


( 35 ) 


The subscripts for p. and v refer to the two concentration sets which are 
connected by the sharp boundary (e.g., the points B and C in Fig. 4 (a)). 
The knowledge of the characteristics p and v thus enables us to derive, with 

(35)1 the form and rate of movement of 
all boundaries in the column or in the eluate. 
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Returning to the families of characteristics in the Ci — Cg diagram, we 
see that the four cases mentioned in eqn. (28), (29), (34) and (35) do not 
describe all the possibilities which can occur if one solution is eluted by 
another. The two solutions following each other in these cases were excep- 
tional in so far as both concentration sets lie on one characteristic. This, 
however, is not usually the case. If the two solutions following each other 
have no characteristic in common, and this is the rule, a new concentration 
plateau develops corresponding to that point of intersection of two charac- 



Fig. 4. — (a) Diagram of characteristics connecting two binary solutions, e.g., A and C, 
or B and D. [jl and v arc the values of the gradients [dcj/dcj of the characteristics. 

Concentration changes of the two solutes (solute I , solute II ) in a column 

produced when 


(6) Solution D elutes a solution B. 
{r) „ B „ 1 ). 

(d) „ C „ „ „ A, 

{c) „ A „ C. 


teristics passing through the two points which is stable according to Rule i, 
which states that the positive characteristic always moves in front of a 
negative one. This means that we can have the following four cases, which 
can be classified only according to the variation of (jl and v along the column : 


('ase 

I 

V 

Reference for Fig. 4 (a) 

1 

II 

III 

IV 

! decreasing 
; increasing 

decreasing 
j increasing 

decreasing 

increasing 

increasing 

decreasing 

D -> B (see Fig. 4 {b)) 

B-^ D (see Fig. 4 (c)) 

C A (sec Fig. 4 {d)) 

A -► C (sec Fig. 4 (e)) 
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The resulting boundaries of the column chromatograms with their spon- 
taneously developing concentration plateaux are shown in Fig. 4 {b)-{e). The 
rate of movement, i.e., relative position of the boundaries, has been obtained 
from the (ji- and v-values by means of eqn. (28), (29), (34) and {35). 

It should be pointed out that, while normally the sharp boundaries do not 
follow exactly the curves of the characteristics, they do so in the case of 
Langmuir isotherms, because here, due to the linearity of the characteristics, 
dcj/dcj is identical with Acj/Acg. 

Formation and Development of a Two Solute Band .—During the 
formation of the original band, produced by feeding a solution C|® Cj® into 
an empty column (c^ = 0,^2 = o), we have clearly a case of type II (Fig. 4 (c)) 
with increasing fx and v. An example is shown in Fig. 5 (a), the stable boundary 
course being represented S Q O. A new concentration plateau is 
created at Q, representing the pure frontal band of solute I (Fig. 5 (6)). 



Fig. 5. Formation and solvent-development of a chromatographic band of the original 
concentrations Ci° 

{a) As shown in the diagram of gj-g, characteristics. 

Distribution of solute in a column for the above case. 

(fc) Original band. 

(r) and (d) Stages in the development of the band. 


If, after the formation of the original band, we proceed to ** develop ** 
the chromatogram by the addition of further amounts v of pure solvent 
(ci = o, ^2 = 0), we form a rear boundary of the type I (Fig. 4 (6)) with 
decreasing p and v, which in Fig. 5 (a) is represented by O P S. 

This rear boundary forms a new concentration plateau, characterized 
by the point P in the (or gi-gg) diagram, which is the point at which /j 
becomes zero (Fig. 5 (a) and (c)). The actual movements of the various points 
with contmumg development {v) foUow directly from the application of the 
equations given in Tables I to V.« 
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Fig. 5 (a) gives the /j-Zg characteristics, which for a Langmuir isotherm 
are identical in form with the pi-p^ characteristics (eqn. {21a)), if one chooses 
the parameters, 


== 



• fv 


. (36) 


and 


^2 = 




• A* 


t/2 ““ 

The equations of motion as function of the parameters 


positive and ^ = 

eqn. (28), (29). (34; 
We obtain : 


■yr 


rvi! 


■ (37) 

for the 


for the negative characteristics are similar to the 


and (35). 



For the construction of bands in the column, these A-Zg characteristics are 
somewhat more convenient, as the areas under the x-f curves (or x-g 
curves) represent the original masses of the solutes which must be constant. 
(When dealing with elution {c-v) curves the advantage is with the 
characteristics, for the same reason.) 

Returning to our Rule i, we expect that the plateaux of P and Q (Fig. 5) 
should be stable and growing, as here positive precedes negative charac- 
teristic. However, at the point S this situation is reversed and this plateau, 
which had been experimentally introduced, prior to the development with 
pure solvent, is therefore unstable and constantly diminishing. Eventually 
the point S will disappear altogether, thereby making Q also unstable, so 
that both plateaux S and Q will eventually disappear. S slowly recedes on 
the line SP towards P ; so we arrive at the diagram shown in Fig. 5 (a) by 
the sequence O P S' Q' R 0 , which results in the chromato- 
gram shown in Fig. 5 (d), which type persists until the constantly receding 
point S' has merged with P, when Q' coincides with O, i.e., when separation 
is complete. 

Displacement Development. — ^The use of the characteristics does not 
only apply to ordinary solvent development, but also to development with 
a solution containing a third solute. A particularly simple case arises when 


• Due to the fact that ^(/j -j-ff) < i, it follows that ^ 
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the third solute is most strongly adsorbed, which leads to the so-called 
displacement development. In this case we get no ternary mixtures and 
we Ccm, therefore, describe the situation by two adjoining maps of charac- 
teristics shown in Fig. 6 . The original concentrations (ci° Cg®) are represented 
by the point E, the concentration of the developing solute (cj®) by point A. 
The connection between A and E, and E and 0 under Rule i, goes via the 
points B, D and F, all of which form stable plateaux in the chromatogram, 
while the original plateau E, where a negative characteristic precedes the 
positive one, is unstable and diminishes in length (Fig. 7 {a) and (b)). 
Eventually E will disajppear completely and henceforward the path from D 
to 0 goes via the point G (Fig. 7 (c)). This change makes the previously 
formed plateaux D and F unstaWe, and they eventually disappear. The end 
of the chromatographic separation is then reached, leaving the plateaux 
A, B and G stable, |^all of which represent pure species of solute (Fig. 7 (d)). 



We can immedi^ely see from Fig. 6 what would happen if the developing 
concentration Cj®, (A), is not Wgh enough. In this case a diffuse boundary 
arises between the plateaux D and E (see also Fig. 6 ) which disappears 
eventually du£ to the instability of plateau E and the separation ends with 
the plateaux A, B, 5. 

Furthermore, if C 3 ® is smaller than indicated by the point A where the 
^veloping parabola (not shown) touches the abscissa, the only way from 

E leads via 0 , which means that the third solute fails to make contact 
^th the other solutes and then there is no longer any displacement 
development. ^ r 

Actually, all these cases have already been discussed individually,* but 
the use of the characteristics '' makes it possible to give a unified picture 
of all possible chromatographic processes involving the separation of two 

SulUlcS* 
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Separation of Three Solutes. — ^With a certain amount of algebraical 
discomfort, the theory can be extended to ternary solutions. We obtain 
then a three-dimensional system of characteristics, and changes caused by 
solvent development proceed by variation of one characteristic, while 
keeping the other two constant. However, as no new chromatographic 
features are derived from this extension, its discussion may well be 
postponed. 
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Fig. 7.— Concentration diagram in the column, deduced from Fig. 6, line A-B-D-E-F-0 
etc. 

(o) Original two solute band (solute I , solute II ). 

(6) (c) Stages in the development with a third solute. 

((/) Complete separation. 
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CHROMATOGRAPHY WITH SEVERAL SOLUTES 
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The theory of chromatography of a single solute has been given previously by de 
Vault and by Weiss. The present investigation has for its object a theory of chromato- 
graphy for two or more solutes. 

The treatment is based on the differential equations: 








o 


connecting the concentrations and c, with the amounts adsorbed per unit length 
and respectively under equilibrium conditions, where v is the volume and x the 
distance along the column. We first investigate under what initial conditions these 
equations will have a solution which is a function of vjx and using this result determine 
solutions in a few cases. 

We find that two very different phenomena may result, (i) In one case definite bands 
are formed in which the concentrations are constant. These constant values depend on 
the original bands and they can be determined in terms of the initial concentrations, 
(ii) In other cases bands of varying concentrations are formed. A typical example of 
the first type occurs when a uniform band of one or more solutes is developed with a 
solution of a different solute which is more strongly adsorbed than any of the solutes 
present initially (as illustrated, for instance, by Tiselius' displacement method). 

The second type of chromatogram may occur when a band of two solutes at constant 
concentrations is developed with pure solvent or when a band consisting of a single 
solute is developed with a solution of a second solute which is much less strongly 
adsorbed than the first solute. Several examples are discussed and various criteria for 
distinguishing these cases are given. 


The theory of chromatography of a single solute has been given by de 
Vault, ^ and by Weiss. ^ Subsequently a treatment for two or more solutes 
was briefly indicated by the present writers * and in some special cases was 
given by a number of authors. ^ 

The object of this paper is to give a general theory for the chromatography 
of two or more solutes. We begin with a general discussion and then give 
examples for two and three solutes. 

1. General Discussion. — ^The amounts adsorbed per unit cross-section at 
the level x of the band after the passing of a volume v are denoted by 
y 1 (x, v) and y 2 1 1 is assumed that 5^ ^ and 5^ 2 depend only on the concen- 

trations and ^2 the solutes (i) and (2) and that the adsorption equi- 
librium is practically always established. 

^^d C2 are continuous functions with continuous partial 
derivatives, considerations of conservation of mass imply that: 


and 


Tix 


+ ---0 

. . ( I . I ) 

0 

Ii 

+ 

( 1 . 2 ) 


! 5 ? J- Chem, Soc., I 943 » 65, 532 ; also Wilson, ibid., 1940, €2, I583» 

■ Weiss, /. Chem. Soc,, 1943, 297. 

• Offord and Weiss, Nature, 1945, 155, 725. 

* Cf. Glueckauf, Proc. Roy. Soc. A, 1946, 186, 35; /. Chem. Soc., 1947, 1308. 1321. 
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However, we shall not assume that Cj and are continuous functions 
of X and v. This is based on results obtained by one of us and by others ^ * 
in the discussion of the chromatography of a single solute. At first sight it 
may seem somewhat artificial to admit discontinuous functions, but it niust 
be borne in mind that and Cg represent certain mathematical functions 
which satisfy eqn. (i.i) and (1.2). These functions will, in general, represent 
the concentrations only approximately because they were derived under the 
assumption of equilibrium conditions and with the neglect of any diffusion 
and convection effects. Thus though the concentrations may be continuous, 
it may well be that they can be best approximated by discontinuous functions. 
Experience in the chromatography of a single solute shows that this is 
actually the case. 

Let us suppose now that there is a certain front of discontinuity AB. Let 
^i(j) and ^2(1) be the amounts adsorbed per unit length in the band imnie- 
diately above the level AB and q and q 2(11) be the corresponding quantities 
in the band immediately below An. We shall suppose that the concentra- 
tions remain constant as the level AB moves down the tube. Let Cm), 
c 2(1), c 1(11) and c 2(id be the corresponding concentrations. Suppose that as 
the result of the addition of a volume hv the level of discontinuity moves 
down the tube a distance to a level A'B'. (see Fig. i). 

Then the decrease in the amounts of the substances (i) and (2) in the section 
(AB)(B'A 0 will be 

^1(11) — ^ 1(1) ^2(11) — ^^ 2(1) 

and these quantities will be equal to the increases in the amounts of solute 
in the small volume which are 


^ ^ 1 ( 11 )— ^ 1(0 1 “ ^ 2 ( 11 )“*^ 2(0 j " 


Hv 


res[>ectively, and hence 

^1(11)“^ 1(0 


1(11)— 1(0 




^2(I1)~~^2(0 ^ ^2(10“^2(1) — O. . 


( 2 . 1 ) 


( 2 . 2 ) 


Since 8 v and Sa are not zero and since these equations must hold simul- 
taneously, we get 

— ^i(ii)— ^1(0 ^ y 2(11)— ^2(0 (2.3) 

C 1(11) — C 1(1) C 2(11) — c 2(1) 

Allowing 8 a and 87’ to tend to zero, we deduce that 

dz^ (7 inn — ^7im ^/pnn — <7»rn 


dx 


^ 1(11)“^ 1(0 ^ 200"“ ^ 2(0 


This is a differential equation giving the rate at which a level of discontinuity 
AB moves down the tube, in terms of the ratio of the discontinuities in the 
amounts adsorbed and the concentrations. 

We shall now make some general assumptions concerning qi and q^- We 
shall suppose that they depend only on c 1 and c 2 and that they are regular 
functions of c 1 and c ^ ; that is to say, that they can be expanded in a Taylor 
series in c j and c g. Thus, 


9 i 


at 


m,n ^ I ^ 2 » 


qi = ^ bm,n Cl" 
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Since obviously ^ ^ is zero if c ^ is zero and g' 2 is zero if c 2 is zero, we must have 
= ^m.o = o for all m and n. 


This implies that 


(p) .0, . . 

(4) 

Thus the eqn. (i) become 


_j. ^£1 1 ^£1 ^£2 _ 

'bv 7^0 2 ” » • 

. (5-1) 

^^2 , ^^2 ^^1 ^9 2 ^^2 _ ^ 

TiX ' 'be 1 T^v be 2 bv 

(5-2) 




constant 
(initial) value 


constant 
initial value 


Fig. I. — Front of discontinuity Fig. 3. — Uniformly distributed solute (2) 

AB separating the regions (I) partly developed with a solution 

and (II). of a more strongly adsorbed sub- 

stance (i). 




constant 

initial 

value 


constant 

initial 

value 


X 


Fig. 2. — (a) 2 Solutes: initial band. Fig. 4.— Originally uniform mix- 

(b) 2 Solutes: after partial development. ®f substances (2) 

^ ^ and (3) partly developed 

with a solution of a third 
substance (i) which is more 
strongly adsorbed. 


One could solve any problem involving two solutes and without dis- 
continuities if one knew a solution of these equations under sufficieiitly 
general conditions. However, no such solution is known. The classic^ 
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solution * assumes that and Cg are regular functions of x and v and this 
hypothesis is difficult to apply, since the initial conditions as usually stated 
in nearly every problem in chromatography require c j and c g to be discon- 
tinuous for x=o and v=o. 

There is, however, an important class of problems where it is possible to 
obtain solutions of these equations. It can be shown that under certain very 
special initial conditions the solutions of these equations will be approxi- 
mately functions of (v/x). The initial conditions for this are that when 
x=o, c I and c g are both constant for all v and that when v~o the distributions 
qi and q^oi solute in the tube are constant for all x. 

Now it happens that usually under the experimental conditions in 
chromatography these conditions are in fact often satisfied to a first 
approximation. For instance, they are fulfilled when an (infinite) band 
containing adsorbed material from a solution of two solutes of constant 
concentrations is developed with pure solvent or with a solution of a third 
substance. In practice where the columns are of finite length it is reasonable 
to expect that the subsequent development would be the same since it is 
determined by the state of affairs at the top of the chromatogram. It would 
therefore seem that a solution of eqn. (5) under such initial conditions would 
furnish all that a practical chromatographer would desire. However, another 
difficulty now arises. It appears that under such initial conditions eqn. (5) 
need not hav(i a unique solution and so no mathematical argument can be 
fully conclusive and any results obtained will have to be tested by experiment. 

Let us proceed with the discussion of eqn. (5) on these lines. Substituting 
y:=(ylx), and assuming that and Cg depend on y as defined above, one 
gets 
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In general, the solution of these equations will be 
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The necessary and sufficient conditions for them to have a solution other 
than this one is 
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This corresponds to the quadratic equation 
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which has the roots 
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* See, for example, Goursat, Legons sur VintegraHofi Equations aux derives 
par Hell es du premier ordre (1891), p. 2. 
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and thus eqn. (7) may be written 

(y_«) (y_ p) = o . . . . (9) 

Whenever (7) is satisfied (6) gives 

dCa/d y ^ (y-agi/aci) 



dci/dy ’ 


that is. 

dc, _ (a— 
dCi 

. (lO.l) 

or 

dcj _ 

dc, (agi/Scz) 

. (10.2) 

according to which solution of (7) we take. In either case. 



a = dqjdci and p — dqjdc^ 

(II) 

and similarly 

a == d^2M^2> 


so that in a variable band we have 



dgi/dc, = dqjdc^. 

(12) 


II Examples 

(i) Chromatogram formed from two solutes and developed with 
pure solvent. — As we have already remarked our special conditions are 
satisfied in this case and we may apply the general theory developed above. 

Let us first consider the problem that arises when a solution of two solutes 
is poured on to a column of adsorbent material, which is initially free of 
solutes. The first question to be decided is : can a variable band be found in 
these circumstances ? If this does occur then eqn. (lo.i) and (10.2) hold 
throughout the band. Moreover it is clear that dcg/dcj will be positive 
since c ^ and c 2 will either increase together or decrease together. Further, 
it is to be expected that the presence of one solute will hinder the adsorption 
of the others so that 'bqJ'bCz and will be negative and their product 

(^qil'^C2) positive. Hence from the eqn. (8) one obtains for the 

discriminant : 



Jc, J 


^1* 

J 


ica 


(13) 


and so it follows from eqn. (8) that (a — is positive and 

(p — '^qil'^cfj is negative. Consequently, of the two eqn. (10), (10. i) 
gives a negative value for dcjdc^ and (10.2) a positive value. Therefore, 
throughout this band we must have 


or 

But then (9) implies that 
or 


(P — 

dc, 

■ (i 4 -i) 

^ 1 ^ dcjj ^ 

, "^c 2 dc , dc , 

• (14-2) 

CO. 

II 

II 

• (15.1) 

vix — dqjdci. 

• (15.2) 


If now the level x is fixed and the volume v increased, c ^ and c 2 will increase. 
But with normal isotherms dq Jdc j is a decreasing function of c 1 (i.e., with all 
ordinary adsorption isotherms as increases dq^jdci decreases) and so 
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Now suppose that the total amount of solute (i) present was ttii. Then, 
the tube being of unit cross-section, the volume n, required to obtain 
total separation will be 

• • • ^^ 7 ) 

where is given by (22). 

(iii) An infinite column of uniformly distributed solute is developed 
with a solution of a more strongly adsorbed substance. — Our simple 
equations are valid in this case. We shall suppose, as usual, that solute (i) is 
the more strongly adsorbed. In any mixed band dcjdci is negative and 
this implies that: 


If \^c^) yic^J 

is small relative to the remaining terms, this implies that 


^^2 J J 


4 2 ) 




Suppose a volume t; of a solution of solute (i) is added, then as w^e go down 
the tube {^gil^Ci) increases as decreases. Also for c 2=0, 'bqJ'dCi is zero 
but not zero for c 2 > o. Hence the second term also increases (the product 
((^^i/dCg) being positive). Therefore both terms on the right-hand 

side increase which is impossible since with increasing x the left-hand side 
decreases. Hence we are led to a contradiction and must conclude that in 
this case there can be no variable band. Therefore the only solution possible 
is a discontinuous one. To satisfy eqn. (3) there must be two discontinuities 
separated by a mixed band. If Ci and c^ denote here the concentrations 
of the solutes in the mixed band then, 


^ 1(^ 1 > ^ 2 ) 

"Ac 1^-0 x) 


q 2(^l^ C 2 ) 


y 1(^1 > ^ 2 ) g ^2 ) ^ 2{C 1 f C 2) ('10 2) 

" (A -A) • ‘ ^ 

are the two simultaneous equations for c^' and If denotes the level 
of the top of the mixed band and the level of the bottom (Fig. 3) after 
a volume v has been added, then by eqn. (3), since x=o when v=o, 

^ *^2) 


^ 1(^1 > C2) 


(iv) Band consisting of a uniform mixture of two substances (2) 
and (3) which is developed with a solution of a third substance (Ij. 

—In this case we have, in general, a cubic equation to solve and so a 
detailed analysis would be somewhat complicated. We shall consider only 
the case when the substance (i) is more strongly adsorbed than the other 
two substances and even then we shall only instance two cases which might 
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(«) If the adsorption isotherms of the three substances are represented 
by gi, g, and g„ and if 



then there is no interaction between (i) and the mixture of the components 
(2) and (3). A band of solute (i) is formed at the top and the mixture (2) 
and (3) is developed as in Example (ii). 

(b) If 



then at the top of the tube we shall have a chromatogram corresponding to 
Example (hi). Altogether there may be Jive bands. In the top hand the 
substance (i) at concentration Cj®. In the second hand solutes (i) and (2) 
corresponding to concentrations and In the third band, (2) at con- 
centration Cg''. The fourth band may be a mixed band as in Example (i) 
and in the fifth band, (2) and (3) are present at their original concentrations 
Cg® and C3® (see Fig. 4). 

The values of c^, cf and cf' are given by the following equations: 


gi(Ci”. O, o) -gi(Ci', C;', o ). _ o) 

(Cl® -Cl') ■ - cV 

9 1 ’ ^ g g(o» c g ,0) — g ,(c I f c 2 1 o ) 

Cl ~ c,' 

g g( Oi c, ^, C3°) _ g 3(0, c 8 c 3 ®) 

(Cg® — Cg") Cg® 


( 34 - 1 ) 

( 34 - 2 ) 

( 34 - 3 ) 


The levels Xi and a; 2 corresponding to the top and bottom of the first mixed 
band are then given by 


y == 92(^1 > ^2 » q ) 

<^2 


(35.1) 


iL = Q ) 

^2 ^1' 


( 35 - 2 ) 
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THEORY OF FRONTAL ANALYSIS AND DISPLACEMENT 
DEVELOPMENT 

By Stic Claesson 
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A simple theoretical model, which is useful for practical applications of chromato- 
graphy, is discussed for frontal analysis and displacement development. 


It can be said that the theory for chromatographic separation has been 
developed along two different lines. One group of workers has tried to use 
as simple theoretical models as possible in order to get simple but still useful 
results for the actual calculations when separating complex mixtures. Another 
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group of workers has tried to work out a very detailed theory for the very 
complex phenomena which take place in a column. Due to mathematical 
difficulties this type of work has mostly been carried out for systems wth 
one or at most two solutes. Such results are usually of little use in practical 
applications of chromatography, but they are of utmost importance when 
one is trying to get a deeper understanding of the chromatographic process 
in generd or to reach the limit of resolving power as in isotope separation. 

In this paper the “ simple theory which is useful for practical applications 
of chromatography will be discussed for two rather important special cases, 
namely, frontal analysis and displacement development. 

Frontal analysis, introduced by Tiselius ^ in 1940, is the simplest possible 
arrangement for chromatography. The solution containing one or several 
solutes is forced through the column with adsorbent, previously washed 
with pure solvent. The concentration of the effluent is determined and 
plotted as a function of the volume which has passed the filter. In this 
way characteristic curves are obtained showing one step for every solute. 
In Fig. I is seen a schematic curve for two solutes. The first step contains 



solute I, the second step solute i and 2 and so on. The volume which has 
passed when a particular solute i breaks through is called the retention 
volume for component i. This volume includes the small volume necessary 
to replace the solvent in the column at the beginning of the experiment. 
After subtracting this small volume we get the corrected retention volume 
Vi. The corrected retention volume per gram adsorbent is called specific 
retention volume v^^. 

Frontal analysis has the great advantage that the adsorbed substance 
does not have to be eluted again and this method can therefore be used even 
in the case of irreversible a^orption. That is of great value as it is often 
difficult to find adsorbents with sufficient selectivity which will give off the 
adsorbed substance quantitatively. The disadvantage is, however, that 
the heights of the steps are not proportional to the concentrations of the 
corresponding solutes in the original solution. The reason for that is 
adsorption displacement which means that when solute 2 is passing down the 
column and adsorbed, it will knock off some already adsorbed molecules of 
solute I from the adsorbent and consequently the concentration of solute i 
in step I is higher than in the original solution. We introduce the general 
notation Ci,j for the concentration of solute i in step j. 


^ Tiselius, Arkiv. Kemi, Mitt, Geol. B, 1940, 14, No. 22. 
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For quantitative work it is therefore necessary to calculate the composition 
of the solution from the observed retention volumes and the heights of the 
steps. In order to get simple results of practical value for systems with many 
solutes it is necessary to make simplified assumptions. We assume instan- 
taneous equilibrium and perfectly plane fronts. The first treatment along 
these lines was given by de Vault ^ and further discussed by the present 
author.^ ^ 

In the following we will restrict the discussion to systems with only two 
solutes. Extension of the theory to an arbitrary number of solutes is quite 
simple 2*4 but will not bring forward anything new in principle. 

For a system with only one solute of concentration the amount 
adsorbed a\ == per gram adsorbent in the column is evidently v^Cn 

and we have 




^11 


(I) 


For two solutes we get in the same way : 

~/i (^i2> ^22) “ ^2 ^12 (^2 ^i) ^ii» • • (2) 

^2 = A (^12» ^22) ^2^^22* * • • (3) 

If we now introduce a suitable equation for the adsorption isotherm these 
expressions can be simplified considerably. The simplest results are obtained 
from Langmuir's isotherm 


al — ^1^12! "f" ^1^12 ^2^22) f • • * (4) 

a 2 = ^2^22/ (i + ^1^12 4 * ^2^22)- • * * (5) 

By dividing eqn. (2) and (3) we get 


C12 — ^11 



( 6 ) 


We have thus obtained a very simple formula for the calculation of the 
correct concentration 0^2 from the observed value It should be noted 
that ki is the retention volume for solute i at infinite dilution (from eqn. (i)). 
In case of several solutes eqn. (6) will take the form 




Pim 


^m+l 



(7) 


It is conse(iucntly possible to calculate all concentrations in this way provided 
that we know the k values, which have to be determined from experiments 
with pure components or by other suitable methods. 

It must be borne in mind, however, that this displacement effect is not 
primarily dependent on the actual displacement process in the column. 
Changes of concentration of this type will occur in all systems where a 
separation is caused by differences in mobility between the different solutes 
and where these mobilities depend on the concentrations. These “dis- 
placemimt " effects which are a consequence of the conservation of the 
mass of the solute arc also well known both in electrophoresis ^ and in 


® De Vault, ], Amer. Chem. Soc., 1943, 65, 532. 

® Claesson, Arkiv. Kemi, Min. Geol. A, 1946, 23, No. i. 

^ Claesson, Arkiv. Kemi, Min. Geol. A, 1946, 24. No. 7. 
* Dole, J. Amer. Chem. Soc., 1946, 42, 769. 
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ultracentrifugation where their importance has been particularly pointed out 
by Ogston and Johnston.® 

To make this clear we may consider a cell without adsorbent where two 
substances with the mobilities s (cm./sec.) and concentrations c indicated in 
Fig. 2 have been partly separated. If we consider two plane surfaces and 
Pg in the position indicated in the figure the amount of solute i entering 
per second through P^^ is Sj2^i2 this amount is used up in moving the 
lower boundary the distance and the upper boundary S22. We con- 
sequently get 

^12^12 ~ ^11^11 + ^22(^12 — ^11) » • • • (^) 


(9) 


It is therefore evident that as soon as the mobility is dependent on the 
concentration (s^ =t= there will be a sudden change in th(i concentration 
at the boundary. The condensed formula 
(9) which is valid for all types of experiments 
will again take the form (6) if we include the 
substance taken up by the adsorbent and 
remember that the mobilities are inversely 
proportional to the retention volumes. 

In fact, as eqn. (9) only contains ratios of 
mobilities it will be sufficient to assume that 
ratios of mobilities are independent of the 
total concentration in order to get simple 
results. That is true both for electrophoresis 
and ultracentrifugation. 

It can be demonstrated ^ in the same way 
that eqn. (7) will be unchanged even if more 
complicated isotherms than Langmuir's are 
used as long as they have the same property 
as that isotherm, namely, that the ratio of 
the amounts adsorbed from a mixture is 
independent of the total concentration. That 
means that the isotherms for the different solutes can be of the form 

a, = k,c,r {c^c^ . . c„), . . . (lo) 

where r is a quite arbitrary function as long as it is the same for all the 
solutes. 

When the theory for frontal analysis has been developed the corresponding 
simple theory for displacement development is almost self-evident. In 
displacement development introduced by Tiselius ^ in 1943 the substances 
to be separated are adsorbed at the top of the column. A solution of a 
substance with stronger adsorption than that of the unknown mixture is 
then forced through the column. This “ developer " (d) will then displace the 
different substances (i, 2) which also will displace each other. A diagram 
where the concentration of the effluent is plotted against the volume will 
therefore look as in Fig. 3, and the different components (i and 2) will 
appear pure in the effluent. When a stationary state has been reached it is 
clear that all the boundaries will move down the column with the same rate 
as the front of the developer. As all the zones only contain one solute we 

• Ogston and Johnston, Trans. Faraday Soc., 1946, 42, 769. 

’ Tiselius, Arkiv. Kemi, Min. Geol. A, 1943, 16, No-. 18. 
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can apply eqn. (i) and as the specific retention volume then can be regarded 
as a measure of the rate we get 

_ A(^) _ ^ /«i(0 ^ ^ ^ 

C2 

where /d(Cd) is the adsorption isotherm for the developer. Consequently if the 
concentration of the developer is kept fixed in all experiments a particular 
solute i always has to be of the same concentration c^ in order to 
fulfil eqn. (ii). The height of a step is therefore independent of the 
amount of substance present and is a constant which can be used for 
identification of a substance. As the area of a step is proportional to the 
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amount of substance present and its height is constant it is obvious that the 
length of a step (d) is proportional to the amount of substance. We therefore 
get a qualitative analysis by measuring the heights of the steps and a 
quantitative by measuring their lengths. 

Displacement development is therefore a very elegant way of carrying 
out chromatographic separations as it can be used for preparative, quali- 
tative and quantitative purposes at the same time. It has, however, the 
drawback, common to all methods using reversible adsorption, that it may 
be difficult to find a developer which will displace the unknown mixture 
quantitatively. 

Fysikalisk-Kemiska Instilutionen, 

Uppsala. 


THE CONSERVATION EQUATION OF CHROMATOGRAPHY 

By W. M. Smit 
Received i%th July, 1949 

The conservation equation of chromatography thus far used does not account for 
the volume occupied by the adsorbed phase. When the equation of conservation 
' of matter is applied to the process of adsorptive percolation and this volume is accounted 
for, a general equation is obtained which may be more correct. This is shown by 
applying this equation to the equilibrium theory. Several effects occurring in chromato- 
graphy which cannot be explained by the de Vault equation may now be interpreted, 
at least qualitatively. Moreover, the equation obtained reveals the possibility of a 
new method of adsorptive percolation. 
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In the development of the mathematical description of the process of 
adsorptive percolation two different methods of approach may be distin- 
guished. One may start with the assumption of instantaneous equilibrium 
between solution and adsorbent (equilibrium theory) or one may dismiss 
the idea of complete equilibrium and treat the problem as a kinetic one 
(kinetic theory). However, in both cases the law of conservation of matter 
supplies the initial equation, which in both cases must be fundamentally 
the same. The equations obtained thus far give a ready explanation of 
the phenomena occurring during development. But when applying these 
equations in explanation of other processes of adsorptive percolation like 
the continuous introduction method (frontal analysis) or the elution method 
(displacement method), difficulties are encountered. 

Moreover, the occurrence of so-called adsorption azeotropes,^ especially 
with closely related compounds, needs further interpretation. Some 
experience gained with the adsorptive percolation of hydrocarbons suggested 
that the failures mentioned might be caused by the use of an approximate 
conservation equation. 

Symbols 

The following symbols are used in this paper : — 

a, interstitial volume of an adsorption column per unit of length (ml./cm.). 

b, index referring to a sharp boundary. 

C, concentration of solute expressed as units of weight of solute per unit of 
volume of solution (g,/ml.). 

Ca, C'b, concentrations of substance A and substance B, respectively. 
d, density (g./ml.). 

fn(CN), adsorption isotherm of component N, It also represents the weight of 
solute adsorbed per unit of weight of adsorbent at the concentration Cn (g-/g )- 
fn(CN), first derivative of the adsorption isotherm (d/n(Cjv)/dCiv). 
m, weight of adsorbent contained in the column per unit of length (g./cm.). 
q, weight of solute adsorbed per unit of length of a column (g./cm.). 
f{q), volume occupied by the adsorbed phase (solute solvent) per unit of 
length if a quantity q of solute is adsorbed (ml./cm.). 

5 , solvent. 

V, volume of liquid forced into the column (ml.) . 

V, interstitial volume of dry adsorbent present in the column per unit of weight 
(ml./g.). 

X, distance from the top of the column (cm.). 

0, I (when combined with C) indices indicating zero and unit concentration 

respectively. 

1, 2, 3 (when combined with /) indices indicating that the functions /i,/j and /, 

are different functions. 

1. The Conservation Equations used thus far. — ^The first conserva- 
tion equation was given by Wilson ^ : 

, . . . (i) 

where C is the concentration of the solute, x the distance from the top of 
the column, q the weight of solute adsorbed per unit of length and V the 
volume of liquid poured into the adsorption column. This equation has 
been corrected by de Vault ^ for the interstitial volume a per unit of length 
of the adsorption column. 

De Vault arrives at the equation : 

{^Cl^x)v + a{^CIW), + imW), = o . . . (2) 

1 Hirschler and Amon, Ind. Eng, Chem., 1947, 39, 1565. 

* Wilson, J. Amer. Chem. Soc.» 1940, 62, 1583. 

* De Vault, J. Amer. Chem. Soc., i 943 » ® 5 » 532. ** 
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The same equation has been u^ed implicitly or explicitly by other authors ^ 
whether they adopted the equilibrium or the kinetic standpoint, for the 
equilibrium or the kinetic conditions are introduced subsequently when the 
relation between C and q is inserted. Eqn. (2) is based on the assumption 
that the interstitial volume a is constant. This is the point where intro- 
duction of a correction might be useful. The adsorbed phase occupies a 
certain fraction of the original interstitial volume thus causing the liquid 
to flow at a greater linear rate than when the adsorbed phase is not present. 

As the quantity of material adsorbed is a function of the concentration 
the free interstitial volume, that is, the volume available to the flowing 
liquid, must be a function of the concentration. 

2. Derivation of the Corrected Conservation Equation.— To intro- 
duce the correction for the volume of the adsorbed phase the conservation 
equation will be derived once more for a solution containing a single solute. 
The following assumptions, which do not differ from those usualty applied, 
have been made. Within an adsorption band the concentration is a con- 
tinuous function of x. Within a cross-section of infinitesimal length 
('bCI'^x)v is considered constant. The same applies to when an 

infinitesimal volume of liquid dF is introduced into the column. 

When an infinitesimal volume dF is introduced into the column an equal 
volume has to pass through a cross-section at x, where a; is a point within 
the adsorption band. As the concentration of the solution entering the 
cross-section at x and the concentration of the solution leaving the cross- 
section at {x 4- dx) differ by 

{^Cl'dx)v dx, 

the amount of solute present in this section of the column is increased by 

{bCI'^x)v d;i^.dF. 

This amount is distributed between the liquid phase and the adsorbed 
phase present in the section. The volume of the liquid phase present in 
the section is equal to 

(« 

where f(q) means the volume of the adsorbed phase per unit of length within 
the section considered. Thus the amount of solute present in tht^ liquid 
phase is equal to 

(« —f{g))Cdx. 

The amount of solute present in the adsorbed phase is equal to qdx, where 
qn = fnfn(CN)- Thus the total amount of solute present in the section is 
equal to 

{iu-M)C + q}dx. 

If an infinitesimal volume dF is forced through this section, the increase 
of solute may therefore also be represented by 

-^y[{a-M}C + q%dx.dV. 

According to the law of conservation of matter the amount of solute intro- 
duced by the volume dF should be equal to the increase of the amount 
of solute present in the section. Thus 

^)v -M)C + q].dx.dv = 0 . . (3) 

or 

{^C|dx)v + {a-f{q)}{^C|■bV),-{^f{q)l^V},C + {^q|W), = 0. (3) 

‘Martin and Synge, Biochm. J., 1941, 35, 1941. Weiss, J. Chem. Soc., 1943, 145. 
297. Thomas, Ann. N.Y. Acad. Sci., 1948, 49, 161. 
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This is the corrected conservation equation of chromatography in its 
general form for a solution containing a single solute. 

As to /(g), it should be borne in mind that it is not correct to put 

m = qld. 

where d means the density of the adsorbed solute. For besides the solute 
the solvent is adsorbed too. As to this point it might be useful to stress 
that adsorption isotherms of pure gases and so-called isotherms of solutions 
containing a single solute usually have a different meaning. The adsorption 
isotherm of a pure gas shows the relation between the concentration 
(pressure) of the gas and the weight adsorbed. 

However, the so-called adsorption isotherm of a solute shows the relation 
between the concentration and the weight of solute adsorbed preferentially. 
This relation might be better called a preferential adsorption isotherm. 
To avoid confusion it may be stated here that in this paper the adsorption 
isotherm of a solute means the relation between the total amount of solute 
adsorbed per unit of weight of adsorbent and the concentration of the 
solution with which it is in equilibrium. 

3. Application of Eqn. (3) to the Equilibrium Theory. — Attempts 
will now be made to derive a fundamental equation of chromatography 
•on the basis of the equilibrium theory for a liquid mixture of two substances 
A and B. Which of the two “is considered as solvent does not matter. For 
the sake of convenience it is assumed that A and B have equal densities 
and no volume change occurs on adsorption or mixing. If the densities 
■of A and B are represented by d and the concentration is expressed as g./ml., 
we may put 

Ca + Cb = d. 

Suppose the adsorption column considered contains m g. adsorbent per unit 
of length. The adsorption isotherm of A when diluted by B is represented 
by /i(Ca). At equilibrium, 

q = w/,(Ca) 

(for non-equilibrium another relation between q and C should be introduced 
but this will not be discussed). If /2 (Cb) represents the adsorption isotherm 
of B when diluted by A we may put 

m = {/i(Ca) +/2(CB)}m/i. 

If V is the interstitial volume of the dry adsorbent per unit of weight. 


a = mv. 


Substitution in eqn. (3) gives 

+ m[{v -/i(CA)/rf -/2(CB)/<f}(i)CA/5F). - {{^h{C^)j'bV), + 
4 - {yr(CA)/ 5 F)J - o. 

On further substitution, viz.. 


(aCA/a^)r = - (&Ca/DF)*, 

(¥i(Ca)/ 5»F), = (3/i(CA)/aCA)(aCA/aF) 

and (DACb/DF), = = -/^CbCDCa/DF),, 

the following equation is obtained : 

- {Wl^x)cJ^Cf,I^V),-Yfn[v-h{Cf)ld -MCsVd - {/{(Ca) -mCB)}Cj,ld 

+ /i(CA)]{ 5 >CA/J>F),= 0, 
or 

- (5>F/<)a;)c^ + [vd -MC a) - A(Cb) + Cb/,'(Ca) + Ca/KCb)]^/^ = 0 . 

B* 
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Thus ^ 

(?xl^V)c^ - Cb/1 (Ca) + Ca/^(Cb)] • 

De Vault,® whose paper has been very useful to the author, assumed the 
interstitial volume to be constant and obtained 

(i>xi^v)c^ = • • • • 

According to the initial assumptions, eqn. (4) holds good only within the 
adsorption band. In the same way, as de Vault did, it can be shown that 
at a boundary of an adsorption band eqn. (4) may lead to physical impos-^ 
sibilities, thus indicating the occurrence of a discontinuity (sharp boundary). 

If V is increased at a constant rate, (^xlW)c^ may be called the rate of 
transport of the concentration Ca. If i^xl'bV)c^ increases with increasing: 
concentrations, thus if 

m'<ixlW)cj^}l'^CA is positive, 

it means that the highest concentration of A possible will move at the 
greatest rate. Consequently it will overtake all lower concentrations of 
A which might be in front of it. Thus a sharp front boundary will be 
finally formed and the lowest concentration possible will be trailing behind 
forming a diffuse boundary. If, however. 


'b{{'bxj'dV)cj^}l'^CA is negative, 
the inverse will be obtained. 

A further calculation, which will not be extended here, shows that if 
adsorption occurs according to the Langmuir theory of adsorption a leading 
front boundary of A will be formed if 

/,(Ca)/Ca >/,(Cb)/Cb 

holds good at all concentrations. This simple condition only means that 
the concentration of A in the liquid phase decreases if adsorbent is added 
to any mixture of A and B. If the adsorption isotherms of A and B are 
of the Freundlich type and 

/,(Ca)/Ca >/,(Cb)/Cb, 

a leading front boundary will also be formed, at least at low or high con- 
centrations. At medium concentrations no general conclusion can be 
drawn. Thus it may be assumed, if 

/i(Ca)/Ca >MCb)ICb. 

a sharp front boundary of A will generally be formed. 

As has already been stated, eqn. (4) only holds good within an adsorption 
band. When a sharp boundary occurs, whether in front or in the rear,, 
another conservation equation has to be applied to the boundary. For 
either in front or at the rear of such a boundary, no trace of the substance 
considered should be present. 

Therefore the conservation equation of a sharp boundary is 

CdV = {{a-f{q))C + q}dx, ... (5) 

where C applies to the concentration in the boundary. If eqn. (5) is applied 
to the mixture of A and B and equilibrium is instantaneously established 
the following equation holds good for a sharp boundary : 


'lx\ 


vd + Cb, 


V Ca, 


Cb. 


where the subscript b indicates that the concentration refers to that in the 
sharp boundary. 
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For the diffuse boundary (zero concentration) the following equation is 
obtained : 

where the subscripts o and i indicate zero and unit concentration d respec- 
tively. Applying de Vault's theory, 


and 


are obtained. 


^ I 

( ^ 
wJc^^ - ^ +7RCA?) 


(6«) 

( 7 «) 


4 . Discussion. — Eqn. (4) represents the rate of transport of a certain 
concentration of A within the adsorption band. But the corresponding 
concentration of B should attain the same value. Thus 

M^v)c^ - 

if Cb = — Ca. Eqn, (4) meets this condition whereas eqn. (4a) does not, 

/((Ca) =/^(Cb). 
which as a rule cannot be true. 

As has already been shown, a sharp leading boundary of A will be formed if 
A(Ca)/Ca >A(Cb)/Cb. 

Consequently 

(dx/W)c,^<^^^{eqn.{6)). 

This means that the rate of transport of any boundary is always smaller 
than the rate of transport of the liquid front, which of course is equal to 
ijmvd. Both rates become equal if Cb = 0, i.e., Ca = d. If, however, 

/i(Ca)/Ca < A(Cb)/Cb. 

the front boundary will be diffuse and a sharp boundary will be present at 
the rear. In this case the rate of transport of the boundaries is always 
greater than the rate of transport of the liquid front, unless Ca == d. Thus 
it may be stated if A(Ca)/Ca > A(Cb)/Cb, 

substance A will always lose on the liquid front, whereas B has a tendency 
to overtake the liquid front until its concentration d has become equal 
to unity. This may serve as a suitable interpretation of the phenomena 
which obtain when a solution containing a single solute is introduced into 
the dry column (continuous introduction method). If a mixture of A and B 
is introduced into a dry column, A will move at a slower rate than the 
liquid front. 

Therefore pure B will appear in front of the adsorption band and its 
quantity will increase if introduction is continued. Since at the top of the 
column the concentration of A is equal to the initial concentration and this 
is the highest concentration of A possible under these conditions, it will 
overtake all lower concentrations of A which might be in front of it. Thus 
within the adsorption band the concentration of A is equal to the initial 
concentration and the adsorption band will move at a constant rate. 

Elution (displacement) may now be explained too. Suppose two sub- 
stances A and B are present in an adsorption column and a new solvent S 
is added at the top of the column. Further 

/s(Cs)/Cs >/x(Ca)/Ca >A(Cb)/Cb. 
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According to the above deductions, any A or B which happens to become 
diluted by S will move at a greater rate than the liquid front, whereas the 
rate of S should be smaller than (or, when undiluted, equal to) the rate of 
the liquid front. Therefore S will remain undiluted and act like a piston 
forcing A and B in front of it. The same applies to A as compared to B. 
Therefore the final result of elution will be three adjacent adsorption bands 
containing S, A and B at unit concentrations. As to the developer method, 
little further explanation seems to be necessary. If more than one solute 
is present and separation of the solutes has been obtained already, the rates 
of transport of the different solutes are established by eqn. (6) and (7) 
and thus the distance between the adsorption bands will usually increase on 
further development and at the same time the bands will be broadened. 

The mere process of separation of a mixture of solutes is more com- 
plicated because of mutual alteration of the adsorption isotherms. Never- 
theless, it may be accepted that the separation itself occurs qualitatively 
along the same lines. As a rule when the developer method is applied a 
sharp front boundary occurs. Experimentally as3anmetric adsorption bands 
are usually found, the highest concentration being near the front. 

Eqn. (6) and (7) reveal another possibility which may not as yet have 
been recognized. Suppose 

/a(CA)/CA < A(Cb)/Cb. 


An adsorption band of A when present will move at a greater rate than the 
liquid front. But if the whole column has previously been wetted with B, 
the substance A cannot reach the liquid front before leaving the column. 
If a mixture of A and B is introduced into a column previously wetted 
with B, the lowest concentration of A will move at the greatest rate. Thus 
an adsorption band with a diffuse front and a sharp rear boundary will be 
formed immediately. This band is transported through the column if there- 
upon pure B is added to the column at the top. The band is broadened 
during this procedure but its rate is conditioned by eqn. (6) and (7). If 
still another solute, say, D, is present which is also adsorbed less strongly 
than B it will behave in the same way, but it may be that both limits of 
the rate of transport of the adsorption band of D are smaller than those 
of B. Thus this method, which is supposed to be called development with 
an eluent, may cause separation. 

According to former conceptions this method would be impossible because 
B, the eluent, should not allow A or D to become adsorbed. However, 
a very simple experiment showed the present conception to be correct. 
A mixture of cetane and cetene could be partly separated by silica gel 
previously wetted with benzene, using benzene as developing liquid. It is 
well known that benzene may act as an eluent (displacer) for cetane and 
cetene when adsorbed on silica gel. The advantage of this method is that 
the total volume of ** developer " necessary to collect all the solutes at the 
bottom of the column is smaller than the interstitial volume of the column. 
This means a saving of time. However, the separating efficiency of this 
method may be, in many cases, low. 

The occurrence of rates of transport greater than the rate of the liquid 
front is also demonstrated in an earlier paper, ^ though not mentioned 
explicitly. Rates of transport up to about 1*3 times the rate of the liquid 
front have been found with chloroform and dodecylbenzene. 

A few words may be added as to the occurrence of so-called adsorption 
^otropes as described by Hirschler and Amon.^ When an adsorption 
a^otropo occurs /,(C.)/Cs - /.M/C, 


* Smit, Anal, chim. Acta, 1948, a, 671. 
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changes sign at a certain concentration of, say, A. At concentrations 
lower than the azeotropic concentration the sign may be positive, and 
when the mixture is introduced into the column pure B appears in front 
of the adsorption band containing A. Beyond the azeotropic concentration 
pure A will appear in front, and B is contained within the adsorption band. 

At the azeotropic concentration 

A(Ca)/Ca - A(Cb)/Cb = 0. 

The rate of transport of A and B both become equal to the rate of the 
liquid front and no separation occurs. So the conclusion derived from 
eqn. (6) and (7) agrees with experiment. At the same time it is clear that 
the occurrence of adsorption azeotropes is limited to substances having 
comparable adsorption affinities. 

No attempt has been made to solve the differential equations, nor to 
develop formulae for more than two substances. As de Vault already 
stated, this becomes very complicated. Moreover, as real adsorption 
isotherms are used in our equation, the quantitative solution is of no use 
as the real adsorption isotherms are not available. The main purpose of 
this paper has been to arrive at a rather simple formula which permits a 
qualitative explanation of the different methods of percolation, but on the 
other hand it might show that the quantitative deductions made thus far 
have to be handled with care.* 

Acknowledgment is due to the Management of the Bataafsche Petroleum 
Maatschappij for their pennission to publish this paper. 

KoninklijkelShell-Laboratorium, 

Amsterdam, 


GENERAL DISCUSSION* 


Dr, B. Davison (A .E.R.E., Harivell) (conimiinicatcd): I want to point out 
that for the case of Langmuir isotherms the method described by ])r. Glueckauf 
in his paper can be easily generalized to any number of solutes simultaneously 
present in solution. For simplicity I shall speak of three solutes only. 

The basic equations are 

dCj dr2 d^3 

in which 

r ^ 

^ I H- bi Cl + ^2 + ^3 ^3 

Putting pj = bjCj ; P = />, 4- />, 4- pj 

and re-writing (i) in terms of pj^ and P, differentiating again using P as 

independent variable, and comparing with (3) we get t 

either 


(1) 

(2) 

(3) 





= o, 


(4) 


• On four preceding papers. 

t This derivation presupposes that none of efs is constant and P is not constant 
either. But assuming all a/s to be different, one can easily show that P — const, is 
irreconcilable with eqn. (i) and can occur only in the regions where all concentrations 
are constant ; consequently the eqn. (1) is not applicable. If one of the concentrations 
is constant, one can similarly show that either P is constant, or the concentration in 
<|uestion is zero and we have one solute less. 
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or 


dP* dP* dP* 


and consequently pi, and p^ are linear functions of P. 

Hence 

pj^m^P + .... (5) 

in which w,* and are some constants. 

To satisfy (4) it is necessary that some of the concentrations are negative, 
which is impossible ; thus (5) is the only solution of (i) having a ph3rsical si^i- 
ficance. To determine the line (5) passing through the given initial concentrations 
^8®) oiie may proceed as follows. 

Expressing «y’s in terms of and the initial concentrations and then 
substituting (5) into (i), gives 


m-i m, Wj * 

injwhich /y® are the values of fj for initial concentrations and, according to (3) , 
Wj + + >^8 = I. Denoting the common value of the expressions (6) by 5 , 

expressing wy*s in terms of S and substituting into Wj + == i we have 

+ M.“. + Ji/il . 

at-S^ a,- aj-S 


(6) 


( 7 ) 


This is a cubic equation for which it can be shown that all roots are real and 
different. Thus there are three characteristics of type (5) passing through each 
initial concentration. If aj < Ug < and the three roots of (7) are Sj < < S, 

it can also be shown that 


o <C «Si ^ <C •Sg <C *58 ^8 • • • 

If 5 i, Sg and S3 are known, the corresponding Ci, and are given by 


( 8 ) 




'1 («/-«,)(«;■-«*) 


s, s, 


(i^j •, h*j ; i^k) . (9) 


If we use Sy’s as the unknown functions rather than the concentrations (to 
facilitate manipulation) de Vault’s partial differential equations become 


bSj , S1S3S3 
lix 


'bv 


7 = 


o. (j = 1 , 2 , 3 ) 


(lo) 


Each characteristic (5) is obtained by varying the corresponding Sy keeping 
the other two constant. From (10) one can easily derive that the speed of 
propagation of any particular combination of concentrations in the region of 
variable Sj is given by 

___ d-y df U3 I 


= 

\ du / 


Sy S2 S3 Sy 


■— . (Sj variable) 


(II) 


From (8) and (ii) we see that the regions with Sy variable propagate at the 
fastest, and the regions with S3 variable propagate at the slowest rate. It also 
follows from (11) that if the value of Sy at the rear of the region with variable 
Sy is greater than its value in the front part of this region (Syj? > Syp) then the 
rear part propagates slower than the front part, and we have a diffuse boundary. 
Similarly for < Sjp a self-sharpening boundary is obtained. 

From formulae (9) we can also derive 


bSj 


Sy(S,-a,)' 


(12) 


which together with (8) predicts which concentrations increase and which decrease 
in each particular region. For instance, since all — (t = i, 2, 3) have the 

same sign either all three concentrations increase or all three decrease in the 
most forward region (S^ variable) — this generalizes Glueckauf’s Rule i. Also 

since all.^^(y= i, 2, 3) have the same sign, the concentration of the most 

adsorbed solute always increases along the column / ( — ^ for a diffuse 
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boundary, while for a sharp boundary it decreases. This generalizes Glueckauf 's 
Hule 2. The conclusions are illustrated on the diagrams. 

Fig. la (continuous line) gives the S diagram for the case when one set of 
three concentrations Ci, is developed by another set of three concentrations 

lou same solutes, and these Cj°, cj are such that all 5y° > Sy (all three 



Fig. la, b and 2. 


boundaries are diffuse). Fig. ib gives schematically the corresponding concentra- 
tion diagram. The case of three diffuse boundaries will arise, for instance, if 
a set of three concentrations is developed by clear solvent. In this latter case 
the concentration diagram reduces to that represented in Fig. 2 (rear part). 
The dotted line in Fig. la gives the 5 diagram for the case when, on the contrary, 
Cl, C2, C3 are developed by The corresponding concentrations diagram 

for = ^2 — ?3 — o is given in the front part of Fig. 2. 


Dr. F. G. Angell {Stockton-upon-'lees) said : From the standpoint of a practical 
chromatographer it is worth while exploring, or if necessary experimentally 
determining, the adsorption isotherms of two substances on a particular adsorbent 
before proceeding with any chromatographic separation. According to Dr. 
Glueckauf 's paper, conditions for sharp boundaries in adsorption chromatography 
have been uniquely defined and provided that equilibrium is established under 
experimental conditions it would appear that much time and labour could be 
spared and more chances of success accrue by such a procedure than by the 
more customary empirical method of trial and error with various adsorbents. 


Dr. E. Glueckauf (A.E.R.E., Harwell) said : Dr. Smit mentions the need for 
further knowledge about chromatography in the case of adsorption azeotropes. 
Actually we can predict fairly well what will happen in such cases provided that 
the binary isotherms are at least approximately known. Let us assume, as an 
example, that these isotherms are of the exponential type : 

«! Cl = 9i(?i + ?,)(*«-') etc.* 


where at low concentrations solute 2 is the more strongly adsorbed, and where 


^^8 > > I. 

Such a system gives adsorption azeotropes whenever the total 
density 


{?t + ?.) = -^ exp 



adsorption 


* See Glueckauf, J. Chem, Soc,, I947» 1302. 
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The qi-qt characteristics (see preceding paper by Glueckauf) of co-existing 
concentrations have approximately the form shown in Fig. i (only one positive 
characteristic being shown). The essential difference from the normal type of 
characteristic is that the positive characteristic is convex against the point 
qi = o, = o. 

Applying the rules given in the paper earlier in this Discussion we can see 

that nothing abnormal will happen during 
solvent development, if the original start- 
ing point qx°q%° lies below the azeotropic 
line DZE. If lying above this line, the 
following complications will occur : at 
first, solute 2 will separate both in rear 
and front, with enrichment of solute i in 
the centre of the mixed band. Due to 
the spreading of the band during solvent 
development, the maximum concentra- 
tion of the mixed band moves along the 
line BZA. After Z has been passed the 
formerly sharp front of the mixed band 
becomes a diffuse one ; solute i enters the 
frontal band of solute 2, and eventually 
overtakes it. Alter a somewhat complex 
state of affairs (which can in detail be 
deduced from the diagram of charac- 
teristics), we arrive at the shape of the 
normal band distribution with a frontal 
band of pure solute i. This procedure 
wastes a good deal of time and adsorbent 
in the process ; which could be saved by 
working from the start at lower adsorp- 
tion densities, i.e., with more dilute 
solutes. One can compare this process with the distillation of binary 
azeotropes, after the addition of a third inert solvent. 

Dr. W. M. Smit (Amsterdam) (communicated) : In stating that there is a need 
of further knowledge on the behaviour of adsorption azeotropes it has not been 
my intention to say that it is not yet possible to give a qualitative prediction 
of what will happen in an adsorption column if an adsorption azeotrope occurs. 

When “ more strongly adsorbed ” stands for “ moving at a lower rate ” a 
qualitative prediction of the phenomena which will occur in the case of adsorption 
azeotropes is even possible without using any formula. By simple reasoning we 
may come to the same conclusions as arrived at by Dr. CUueckauf. 

However, the adsorption azeotropes have been mentioned with a different 
purpose, viz., to* demonstrate the need of correcting the conservation equation. 

If a solution of azeotropic concentration is poured into an adsorption column 
no separation occurs and the adsorption front will move at the same rate as the 
liquid front. The equations for the rate of transport of the front of an adsorption 
band derived from the conservation equations of Wilson or of de Vault (see paper 
on the conservation equation) lead to conclusions which do not tally with this 
simple fact. 

De Vault's equation only gives the right value for the rate of transport of the 
adsorption front if the amount adsorbed at the azeotropic concentration is zero, 
which cannot be true. The same obtains for the rate of transport of the adsorp- 
tion front of a pure solvent containing no solutes. 

Another point is that Dr. Glueckauf refers to ternary systems (a solvent with 
two solutes) whereas the literature quoted by me deals with binary systems (a 
solvent with one solute). 

Finally, an interesting feature is that in the case of a binary system de Vault's 
conservation equation will lead to the same results as the corrected equation 

/(^a) Vault’s equation is replaced by another function F(C^ where 

F(Ca) stands for the amount of substance A adsorbed preferentially. But this 
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implies that F(C^) cannot be represented by an adsorption isotherm of the 
Langmuir type, the Freundlich t}^ or the exponential type as given by 
Dr. Glueckauf. For F(Ca) should at least meet the following condition : 
F{Cj^) == o, for == o and = i. It may be a point for further investigation 
to determine how the equations for solutions containing more than one solute 
are affected by using the corrected conservation equation. 


Dr. B. Davison {A.E.R.E,, Harwell) said: The treatment of the problem 
given by Prof. A. C. Offord and Dr. J. Weiss in their paper is, in many respects, 
inadequate. In particular, when confronted with a situation when at the first 
sight there are several alternatives, they invariably choose the alternative which 
a more detailed analysis shows to be inaccep table. This can be most clearly 
seen if we re-examine the examples considered in their paper. 

Let me first draw attention to formula (23). It will be noticed that the 
value of Cy given by this formula depends only upon the form of and as 
functions of and Cg, and not upon the concentrations which were initially 
present. 

For instance for the Langmuir isotherms 


= 


I + 4- 


Qi 


^2 ^ 

I “h 4“ ^2 


the formula (23) leads to 


* t I — <*2 

Cy Y -- 

61 ag 


It is rather difficult to visualize how this is possible, in particular if the initial 
concentration Cy of the first solute is very much smaller than the value of r/ 
given by (23). Indeed if ag < ai i.e., if solute 2 is little adsorbed, impossibly 
high values of would be postulated by ecjn. (23). Eqn. (23) also leads to the 
interesting value (26-2) for the content of solute i in the pure rear band, which 
can exceed the total amount of solute i introduced into the column. 

This suggests that we should re-examine the derivation of (23). The formula (23) 
was derived from the assumption that (7) should hold for all values of y = vlx. 
But (7) was derived as the condition for the eqn. (6) to have other solutions than 
dc,/dy = dcg/dy = o. Thus all we can say is that in the vicinity of any particular 
value of vjx either (7) should hold, or both concentrations should be constant. 

Let us see what will happen if we introduce a constant concentration band 
between the regions of Cg > o and — o, variable. Then at one boundary 
of this region 



at the other 



and the impossible eqn. (23) (or, at any rate, the equation with which one finds 
a great difficulty to reconcile oneself) disappears. This can be taken as a proof 
that, at least for Langmuir isotherms, there will necessarily be a constant 
concentration band separating the regions C2 > o and c, = o, Ci variable. In 
the light of these remarks formulae (26) must be modified (and perhaps also some 
other formulae). 

I also want to draw attention to formulae (30) which postulates t^vo discon- 
tinuities separated by a mixed band. For the sake of clarity I shall apply them 
to the case of Langmuir isotherms, where their inadequacy becomes very ovbious. 
According to the assumption that solute i is more strongly adsorbed, > 

Now if the postulated mixed band is to be formed spontaneously between two 
discontinuities, the boundary between the mixed band and the original solute 
should move faster than the boundary between the mixed band and the pure 
solution of the developing solute. In the notation of formula (31) it follows that 


< vl^i 
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and, according to (31), 

Cl c^ 

For Langmuir isotherms, thisjbecomes 

^ ^ 

I -f- Cl -f“ c^ I -|" ^1 ('i "F 

i.e., ai < a, 

contrary to the assumption that solute i is more strongly adsorbed. 

To resolve this contradiction let us re-examine the derivation of (30). Formulae 
(30) is an application of formula (2-3) 

gi(ni.r : gi( i) == ?*inL“ ?*(J) .... (a) 

^i(I) — ^a(I) 

derived from the conservation of material of both solutes. It is essential for 
the derivation of this formula that both solutes be present at the boundary. 
If, for instance, the solute i is not present on either side of the boundary, then 
the eqn. (2-1) disappears and we can no longer use equation {a). 

If it is known beforehand that on one side of the boundary both solutes are 
present, then, of course, the formula (2-3) is necessarily satisfied. But if on 
one side of the boundary only one solute, say, solute 2, is present, and we want to 
determine the concentrations on the other side of the boundary, then there are 
two possibilities. 

Either these concentrations will be determined by eqn. {a) or only 
the solute 2 is present and Ci = o. In the example under consideration 
we have thus three possibilities for the concentrations between the two dis- 
continuities, namely 

[a) Cy = o (b) Cy = o {c) Cy and Cy 

determined by the eqn. (30). 

We have already seen that the possibility (c) — the one chosen by Offord 
and Weiss — leads, at least in the case of Langmuir isotherms, to contradiction. 

The possibility (b), i.e., that of Cy' = o, also leads, at least in the case of Langmuir 
isotherms, to the same contradiction (xy = X2 (i -f byCy) and hence Xy > x^. 

But the possibility (a), i.e., that of Cy = o, leads to Xy ^ Xy(i ^ and 
hence x^ > Xy as it ought to be. Thus the possibility (a) is the only acceptable 
one. 

I should also point out that if one eliminates from Offord and Weiss’s paper 
all the inaccep table choices of alternatives, and uses the logically acceptable 
ones, one arrives at the same results as have been already published by Glueckauf . 

Dr, E. Glueckauf {A.E,R.E,, Harwell) said : I wish to call Prof. Ofiord’s 
attention to eqn. (17) which is a simple quadratic for y. In view of eqn. (12), 
qy and are both functions of Cy and only, and 

(<)^i/<)ci)c,r=ro and {pqtjbc^c^^o 
have thus values independent of y. 

I ask Prof. Offord why he postulates (see eqn. 23) that the two roots of the 
quadratic (17) should be equal, when this is absolutely impossible. This answer 
is essential, because the rest of paragraph II is based on eqn. (23). 

In order to avoid confusion in future research, I wish to remove any impression 
that there are two alternative theories or even two alternative ways of approach 
in this matter. Actually the fundamental approach is very similar as can be 
seen from the identity of a number of differential equations, and logical treatment 
of these equations would lead anybody to the same results, as were obtained in 
my researches during the last five years. 

However, the meaning which these equations take on after integration, and 
the physical limits imposed by the fact that we are dealing with physical realities, 
have sometimes escaped the authors, and of several mathematically possible solutions 
they have repeatedly chosen the physically impossible ones. Thus we are confronted 
with concentration bands which, beginning with a zero-existence, have a negative 
growth-rate ; with other bands which can contain more solute than has been 
put into the column. 
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In paragraph I, the treatment of a sharp boundary between two binary solu- 
tions (i.e., eqn. (2*3), (3), and Fig. i) is inadequate and misleading. In para- 
graph II, all equations after (21) are erroneous, including Fig. 2. In paragraph III 
all conclusions after eqn. (29) are wrong, including Fig. 3. In paragraph IV 
all conclusions are wrong, including Fig. 4. 

I must apologize to ftof. Offord and Dr. Weiss for stating this so bluntly, 
the reason being that the Fig. 2, 3, 4 look so extremely plausible to the chemist 
who uses chromatography as a technical tool. The disturbing effects of using 
a finite grain-size and of non-equilibrium phenomena, which have not been 
taken into account in their papers, result in exactly those phenomena which 
Ofiord and Weiss claim to have found for an “ideal” column by means of 
their wrong interpretations. These disturbing phenomena cause a smearing- 
out of the flat region, missing at in their Fig. 2, and they cause variable 
mixed boundaries under the conditions of Fig. 3 and 4. But these phenomena 
though shown in the Figures are not represented by the equations of Offord 
and Weiss. 


Prof. A. C. Offord {London) {partly contributed) : In spite of the remarks 
of Dr. Olueckauf I must emphasize that our approach to the problem is funda- 
mentally different from his and any points of resemblance in the two theories 
.are largely a matter of accident. 

One of the main problems treated in both contributions is the development 
-of a chromatogram consisting of a band of two substances by pure solvent. 
Dr. Glueckauf starts with the simultaneous partial differential equations 


= o , . 

Sat ^ ai; 


(1) 


where i = i, 2 and /j and /, are functions of and only. These equations are 
subject to the initial conditions that ^ == o when x — o, and that Ci = Ci° 

and C2 = when v ^ o. He then gives what is claimed to be a solution of these 
equations, which is broadly of the following form. The first quadrant is divided 
into five sectors by four straight lines (i) (ii) (iii) and (iv) issuing from the origin, 
and the functions Ci and c, are given by various expressions, different for each 
.sector. This solution has, however, no mathematical validity, for the partial 
derivatives of the functions and do not exist on the lines (i) (ii) (iii) and (iv). 
In fact, these differential equations have no solutions under the boundary 
•conditions stated. 

Our contribution was a continuation of the work of Weiss ^ on the problem for 
a single solute and it has much in common with this earlier investigation. The 
mathematical treatment for the single solute (see the Appendix hinges on the 
fact that we are not dealing with a sharp discontinuity at the top of the band, but 
with a continuous tailing-off. Indeed, an explicit form was assumed for this 
tail off (see eqn. (A 13)). The conclusion arrived at was, however, that, in the 
case of isotherms with pronounced curvature, the major term, giving the 
concentration in the rear part of the elute, was in fact independent of the initial 
«hape assumed for the top of the band. Hence, in spite of the fact that in its 
final form the result appears to depend on the displacement relations only, 
it was only by making use of the notion of a diffused initial boundary (created by 
the presence of diffusion) that the problem could be given a tangible mathematical 
form. 

Unfortunately the same treatment cannot be applied in the case of two solutes, 
but none the less similar considerations apply. The main point remains, that 
the boundary conditions == c, = o when x == o, and ~ Cg = when 
V = o, have neither mathematical nor physical validity, and it is essential, not 
only for physical but also for mathematical reasons to treat this boundary as 
a diffused boundary which it most certainly is. If we fail to do this we do not 
arrive at an “ ideal ” problem, as asserted by Dr. Glueckauf, but at one which 
has no meaning. 

It should have been explained that our treatment only applies when the 
isotherms have a pronounced curvature. The results we give are not true for 


• J, Chem, Soc,, 1943. 297. 
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linear isotherms, where the phenomenon of diffusion plays a very much more 
marked role. Unlike Dr. Glueckauf, we can lay no claim to a definitive mathe- 
matical theory valid in all cases, and, in our communication, we considered only 
a few problems which we regarded as of particular interest. In the case of the 
special problem under consideration, we remarked that various other solutions 
were possible depending on the particular isotherms. This applies to the parti- 
cular example selected by Dr. Davison, where the more strongly adsorbed 
substance is present only in weak concentration. Our solution does not apply 
in this case. If one substance is present only as a trace, then another mathematical 
treatment is possible and we hope to return to this problem later. 

Dr. Glueckauf 's main objection arises from our treatment of eqn. (7) in our 
paper® leading to eqn. (23), which is vital for all further consideration. This 
treatment is, however, necessary if the eqn. (i) are to have a solution (with 
continuous partial derivatives) valid over the part of the chromatogram where the 
faster moving solute first appears. Eqn. (22) is not incompatible with the differ- 
ential eqn. (12), because in our treatment there is no initial condition 
associated with (12) and so this equation does not determine in terms of 

Dr. J. Weiss {Newcastle) said : As we have pointed out in our paper the- 
problem is in certain respects not fully defined and it is essential to take intO' 
account the experimental fact that — on account of diffusion and convection 
— there is never a sharp boundary at the top of the band. By paying attention 
to this fact, diffusion has been taken into account implicitly in our theory. This, 
is not the case in Glueckauf’s treatment and it is an important point in our 
theory. 

As we have stated, we have assumed that the development of a chromatogram 
of two solutes with the solvent is, in general, a continuous process. We have 
assumed this in view of the experimental results of various workers as there is. 
no evidence to show that one obtains under these conditions a band of constant 
concentration as postulated by Glueckauf. This is in fact demonstrated clearly 
even by the experimental work of Coates and Glueckauf.* Fig. 2 and 4 of this 
paper are very instructive and I would like to recommend anyone interested 
in this problem to consult these Figures and to see for themselves that the 
“ constant band ” predicted by this theory is a figment of imagination. These 
authors have also presented there some theoretical curves. However, in order 
to show even a rough agreement between theory and experiment they had to 
choose the arbitrary constants in the theoretical equations in such a way that 
the “ constant band — which is the main point in Glueckauf's theory — is 
practically eliminated, i.e., is reduced to such small proportions that it falls 
well within the region of the experimental error. 

I shall be only too pleased to accept Glueckauf’s theory if he can produce any 
experimental evidence in favour of it : that he obviously cannot, and he explains 
by “ disturbing effects ” while our theory can at least give an account of the 
main experimental features. 

We find it hard to understand also what Dr. Glueckauf says in the last para- 
graph of his remark. Diffusion phenomena might be expected to have the effect 
of spreading out the band and so making the flat region which he predicts more 
pronounced. 


Dr. J. F. Duncan (A,E.R.E., Harwell) (communicated) : In order to make an 
experimental test of the theory developed by Dr. E. Glueckauf, the case shown. 
in Fig. 4 (d) of his paper was simulated with the following solutions : 

Solution I : 0*025 N NaNOg, o*i N KNOg, 0*125 N HNO3. 

Solution 2 : 0*15 N NaNO,, 0*06 N KNO*, 0*04 N HNO,. 

Assuming the mass action law to obtain we have 


rr ^NaR 

Anh-H = /r— 


X 


, 


* This Discussion. 

* ]. Chem, Soc,, 1947, 1308* 
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from which 

CNa^ __ i^Na+ (CNag/Cs) , . 

Ck r+ . U 

where the terms have the same meanings as in our paper. Eqn. (i) has the 
form of a Langmuir equation. Hence 

= (A’Na+ — i)/Cs , 

and similarly, for potassium 

b, = (ATk^ - i)/Cs . 

Assuming ® ~ 1*52, and putting Kj^h ~ 2-00 (a reasonable value, estimated 

from the results of other workers) we get 

^^Na — S^Nag pK^ — S^Kg- 
Hence for solution i, /?Na+ = 0-125, Pj<+ == o*5» 
and for solution 2, = 0-75, == 0-03. 

This represents the case when a solution A in the column is followed by a 
solution C, the characteristic diagram being similar to that shown in Fig. 4 (a). 
The result of the experiment showed quite clearly that an intermediate concen- 
tration plateau forms, with both concentrations higher than A, in the manner 
shown in Fig. 4 (d). 

Dr. J. Weiss (Newcastle- upon-iyne) (communicated) : Dr. Davison has 
confined his assertions to a special form of the Langmuir isotherm for two 
solutes, viz., 

= ■ , etc., 

I biCx bi Cf 

and, furthermore, he makes a somewhat arbitrary choice of the constants. 
It is obvious that our theory holds, as stated, only when qi and functions 

of c^ and C2 through the whole course of the development (when both these 
solutes are present). However, in the Langmuir equations q^ and q^ are functions 
of and C2 only if b^c^ and fejCj are both of the order of i. It is well known 
that if this is not the case the equations go over into either (a) the linear 
isotherms, if and b2C2<^ 1, or (b) q^ and become constant (independent of 
Cl and C2), if ^>1^, and b^Cz^ 1. It is clear that this imposes considerable restric- 
tions on the ap})lication of this form of the Langmuir isotherm. Thus it clearly 
cannot be applied to the displacement development (Tiselius’ case) because 
when the more strongly adsorbed component is present in excess according 
to this simple form of the Langmuir isotherm the amount adsorbed would 
become independent of the concentration of this solute. These facts have 
not been taken into account by Dr. Davison and thus his remarks are hardly 
of any significance. 

Dr. E. Glueckauf (A.E.R,E., Harwell) (communicated) : Two matters seem 
clear from the paper and the contributions of Dr. Offord and Dr. Weiss : (i) that 
the former has little experience in the application of boundary conditions to 
hyperbolic differential equations w^hich govern the process concerned (which, 
by the way, is in close analogy to the propagation of waves in channels) ; (ii) that 
the latter tries unsuccessfully to sidetrack the issue by counter attacks which, 
being without substance, can be easily answered. 

No reply has been made concerning Dr. Davison’s explicit criticism of eqn. (30), 
which invalidates the whole of their para. 3 and 4, and it must be assumed 
that Offord and Weiss concur. 

Dr. Offord ’s explanation “ that their treatment only applies when the isotherms 
have a pronounced curvature ” and when the more strongly adsorbed substance 
is present at higher concentrations is not given expression in any of the boundary 
conditions used in their paper and it is difficult to escape the impression that 
it has been an afterthought. In particular, Dr. Offord omits to say that, w^hen 

® Duncan and Lister, Chem. and Ind., 1949, 24. 
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he limits application to isotherms of pronounced curvature, and excludes cases 
where the more adsorbed material (i) is in the minority (which, in terms of 
the Langmuir isotherm, is equivalent to the conditions biC^ 4- > i and 

^1° > liis result approximates more and more to that of my theory. This 
must be so, because his mathematically correct solution is the point (see my 
Fig. 3) where the parabolical envelope touches the ordinate at/? = i. It required 
exceptionally special assumptions (which the authors do not state in their paper 
and which do not frequently occur under experimental conditions) before 
Offord and Weiss's solution would apply even approximately. 

Dr. Weiss emphasizes that “ in their paper, the problem is in certain respects 
mathematically not fully defined.” The reason for this is that they have omitted 
to introduce an essential boundary condition, namely, the concentration of the 
original solution and This omission is caused by the fact that they impose 
the condition of continuity of the partial derivatives — a condition which is 
quite legitimate, and in fact necessary in the elliptic differential equations, but 
has no justification in equations of the hyperbolic type. And having imposed 
such a condition they are no longer able to satisfy the initial conditions given 
by 

That chromatographic conditions (in particular the value of at = o) 
depend on the original concentrations has been shown experimentally 

and very clearly indeed in the Fig. (4)* which Dr. Weiss has examined in so 
careful and unbiased a manner. The “ constant band ” which is by no means 
the main point of my theory, but merely follows from it for certain isotherms, 
is not and should not be predominant in this case, where the exchange constants 
Ui and differ as little as they do. I also wish to draw attention to the communi- 
cation by Dr. Duncan concerning experimental data. Dr. Weiss, who has 
never published any chromatographic experiment, has stated “ that he will be 
only too pleased to accept Glueckauf 's theory if he can produce any experimental 
evidence in favour of it.” I therefore hope that Dr. Weiss will be pleased to 
do so. 


• Coates and Glueckauf, J. Chem. Soc., 1947, ^ 3 13 - 


ADSORPTION AND SOME CONSTITUTIONAL AND 
STERIC PROPERTIES 

By L. Zechmeister 
Received i$th July, 1949 

The concept ” anchoring group ” is proposed and some pertinent experimental 
approaches are indicated. A report is submitted on the separation of cistrans stereo- 
isomers, and the dependence of the adsorption affinity on molecular morphology is 
discussed. 


Although it is not assumed that a single, correct picture can be given 
for the adsorption and geometrical orientation of organic molecules on a 
solid surface, the following concept may serve as a basis of discussion. 

Two essential features can be postulated for the simple and stable fixation 
of an organic solute on an adsorbent: first, its molecules should fit into the 
cavities of a certain size located on the active surface; and second, adequately 
oriented forces should be operative between the adsorbent and the adsorbed 
molecule. These two postulates are, of course, closely interrelated. 

Very little is known about the geometrical orientation of adsorbed mole- 
cules, but one may speculate that the manner of orientation would influence,, 
among others, the relative behaviour of closely related compounds. If the 
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orientation be roughly parallel to the surface, it could be perhaps expected 
that, within a homologous series, a maximum of the adsorption afi&nity 
would be reached at a certain chain length. On the other hand, it may be 
considered that, in the case of a roughly vertical orientation of the adsorbed 
molecules with reference to the surface, a continuous increase or decrease 
in the adsorption affinities would be observed by passing stepwise from 
lower members of the series to some higher ones. 

Whatever the orientation may be in a given system, it seems reasonable 
to assume that not each section of the adsorbed molecule will be equally 
resjwnsible for the fixation process. On the contrary, we propose tliat a 
decisive part will be played by certain atomic groups which are conveniently 
designated as “ anchoring groups." This concept is similar to that in which 
it is presumed that the fixation of a drug to bacteria takes place by the 
intermediary of a haptene group {or groups). In favourable instances an 
anchoring group could be located experimentally by showing that a modi- 
fication of that particular section of the molecule causes an unusually sharp 
change in the adsorption affinity. 

Perhaps a single example wiU demonstrate the general lines along which 
we think that laboratory work may help in collecting material for a more 
satisfactory discussion of such problems. It was found that the introduction 
of a methyl group in the a-position to the sulphur atom of a-terthienyl 
markedly increased the adsorption affinity; and that, upon dimethylation,. 
this effect was about doubled. On the other hand, Kofler reported that the 
adsorbability of some tocol derivatives decreased upon methylation near the 
phenolic OH group, although this substitution had but little effect in a more 
remote position to the hydroxyl mentioned. In the case of thiophene rings 
the introduced methyl group seems to have been involved in the fixation 
process but the anchoring group of the tocol derivative was probably the 
phenolic hydroxyl whose function is sterically hindered by the presence of 
adjacent methyl groups. 

While manifold possibilities are open for experimentation in the 
direction just outlined, our problem changes its character entirely when we 
pass from chemical to stereochemical considerations. Then, in a way, the 
situation appears to be simplified, since in stereochemistry the dependence 
of the adsorption affinity on the overall shape of the molecules is to be 
considered, and not the presence or absence of certain functional groups. 
The compounds which are suitable for such investigations should possess 
numerous stereo-isomeric forms whose respective morphological types 
should vary as widely as possible. This postulate is unequally fulfilled in 
various stereo-isomeric sets ; for example, the epimerization of a sugar would 
not essentially alter the overall shape of its molecules. 

The conditions for studies of this kind are especially favourable in the 
field of the natural and synthetic polyenes, which compounds possess a long, 
conjugated carbon-carbon double-tend system in an open chain. Their 
structure is "morphologically sensitive" to spatial variations. Although 
the ordinary or alUtrans form (Fig. i) which shows a rod-like general shape 
is not greatly modified by a single trans-^cis rotation which occurs near an 
end of the system, it undergoes a radical change and is converted into a V-like 
pattern when such a spatial re-arrangement takes place at or near the 
centre (II). On the other hand, in the course of continued trans^cis rotations, 
after having passed through several bent forms, a straightening-out takes 
place. Thus, the molecules of the resulting poly-cis compound show a rod- 
like overall shape (III) which is morphologically similar to that of the all- 
trans molecules (I). 

As is well known, the respective all-^rans forms of the polyene hydro- 
carbons (C4 qH 5^), a-carotene, p-carotene, y-carotene, and lycopene, can 
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be easily converted into a mixture of stereo-isomers containing madnly 
compounds with mono-cts and di-cis configurations. Such a mixture is 
resolved chromatographically, whereupon some insight into the respective 
•configurations can be gained by means of appropriate spectroscopic methods. 

Whereas any manner of bending of an aU-fraws carotene molecule causes 
a displacement of the main extinction maxima towards shorter wavelengths 
in the visible spectral region, the simultaneously occurring alteration in the 
adsorption affinity does not follow such a simple rule. It was found for each 
of the three carotenes, for example, that a stereo-isomer which very probably 
contains a single, peripherally-located cts double bond, is adsorbed above 
the corresponding all-^raws compound in the Tswett column. In contrast, 
those spatial forms of the carotenes which possess a centrally-located cis 
double bond (and in some instances another cis bond) show considerably 
weaker adsorbability than the all-trans isomer. Thus, we have the following 
chromatographic sequence: 

(Top) Peripheral mono-as carotene i x 

AU-lrans carotene ) essentiaUy straight types. 

(Bottom) Central mono-cts carotene, etc. : essentially bent type. 




III. 



Fig. I. 

Typical spatial forms of a long, conjugated double bond system in an open chain : 
I, all-/rans ; II, central mono-cis ; and III, poly-ci5 (penta>(;t5). 


It should be noted in this connection that the adsorption afi&nity of a 
monohydroxy-p-carotene, viz. , all-^rans cryptoxanthin (C 4 qH 5 5.OH) , 
undergoes the changes just described when stereo-isomerized in vitro ; hence, 
in this instance the presence of a single hydroxyl group has no decisive 
influence on the relative adsorbabilities of the respective spatial forms. 

In contrast, each cis isomer so far observed of the analogous dihydroxy 
compounds, viz., zeaxanthin and lutein (HO.C40H54.OH), is located in 
chromatograms above the corresponding all-^rans zone. Thus, the outstanding 
features of this trans--^cis isomerization are weakening of the colour and an 
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increase in the adsorption affinity. One could suppose that in these stereo- 
chemical sets both hydroxyl groups would participate in the anchoring 
process, and that the decrease of the distance between them, as caused by 
bending of the molecule, would promote fixation. However, it is also possible 
that such spatial forms of the dihydroxycarotenes do exist which show 
decreased adsorption afi&nities, as compared with the all-/mns form ; but for 
some reason they do not appear in appreciable quantities in the stereo- 
isomeric mixtures which can be obtained by current methods. 

Some representatives of a different type of stereo-isomeric hydrocarbons,, 
viz., poly-ct5 y-carotenes and poly-as lycopenes, which so far we were 
unable to prepare in the laboratory, could be isolated from some plant 
materials. They contain four to seven of their double bonds in cis configura- 
tion. If we pass from an all-trans compound to either of its poly-cts forms, 
then the remarkable weakening in the colour runs parallel with a substantial 
decrease in the adsorption affinity. A similar parallelism is also observed 
within the subclass of the poly-cts lycopenes, whose chromatographic 
sequence and spectral sequence are identical. With reference to both of these 
physical characteristics the individual differences are much smaller within 
the class of the poly-cis isomers than between either poly-cts form and 
^\\-trans lycopene. 

Before closing these considerations, we should stress that the described 
variations in the adsorption affinity which are a function of morphological 
changes, are of the same order of magnitude as analogous effects caused by 
reasonably-chosen structural conversions. For example, a solution containing 
several spatial forms of both a-carotene and P-carotene gave the following 
chromatographic sequence on calcium hydroxide, when developed with 
petroleum ether: 

(Top) 7V^o-p-carotene V 
JV^o-oc-carotene U 
W\-trans P-carotene 
iV^o-a-carotene V 
iV^o-p-carotene B 
AT^o-p-carotene E 
JV^o-a-carotene W 
iV^o-p-carotene F 
KW-trans a-carotene 
(Bottom) 7^eo-a-carotene B 


Evidently, the weaker adsorption affinity of all-^ra«s a-carotene (con- 
taining 10 conjugated double bonds) as compared with that of all-^raws p- 
carotene (ii such bonds) can be compensated and even overruled by a 
suitable adjustment of the molecular form. 

Furthermore, an increase of the adsorption affinity several times stronger 
than that caused by the reaction, a-carotene — >p-carotene, is obtained 
when we convert a poly-cts compound into the corresponding all-^rans form. 


Finally, the author wishes to express his appreciation to his colleagues, 
(Mrs.) A. Chatterjee, R. B. Escue, F. Haxo, R. M. Lemmon, A. L. LeRosen, 
W. H. McNeely, J. H. Pinckard, A. Polg4r, A. Sandoval, W. A. Schroeder, 
J. W. Sease and B. Wille. 


California Institute of Technology, 
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CHROMATOGRAPHY OF COLOURLESS SUBSTANCES 
AND THE RELATION BETWEEN CONSTITUTION 
AND ADSORPTION AFFINITY 

By H. Brockmann 

Received iSth July, 1949 


A method for the chromatographic separation of colourless substances based on 
the use of fluorescent adsorbents is described. Relations between adsorption affinity 
and chemical constitution of azobenzene and stilbene derivatives are demonstrated. 
The dependence of adsorption affinity on the nature of the adsorbent and solvent was 
investigated. Water soluble salts like copper sulphate or zinc sulphate were found 
to be useful adsorbents for the chromatographic separation of azobenzene compounds. 


Chromatography of Colourless Substances.^— The adsorption zones 
of colourless substances can be followed by the use of fluorescent adsorbents. 
Ultra-violet light of a wavelength absorbed by the adsorbed substance is 
employed. The part of the column containing adsorbed substance then 
appears as a dark band. Adsorbents can be made to fluoresce by the addition 
of small quantities of irreversibly adsorbed fluorescing compounds. Morin 
is very satisfactory for alumina, magnesium oxide and calcium carbonate, 
and berberine for silica. Salicylic acid and 2-hydroxynaphthaIene-3- 
carboxylic acid can also be used. 

Experimental. — A very convenient method for the preparation of a 
fluorescent column consists in the mixing of the adsorbent with 2 % to 5 % of 
finely powdered luminous paint. This method is generally applicable. 

Calcium sulphate dihydrate, prepared by the precipitation of calcium chloride 
with the calculated quantity of sulphuric acid at 8o°-9o° C can be converted into 
a valuable adsorbent for colourless compounds, and also, incidentally, an 
excellent one for coloured ones. Heating at temperatures between 150° and 200° C 
yields three different products : the hemihydrate has an activity equivalent to 
that of alumina IV ; the soluble anhydrous salt can be obtained in two grades, 
one equivalent to alumina III and the other to alumina II. The product obtained 
by heating above 250*^ is only slightly active and is of no practical value. The 
large adsorption affinity of the soluble anhydrite is very likely to be due to 
numerous faults in the crystal lattice. 

The fluorescent chromatograms were illuminated with light of 366 mp. from a 
mercury vapour lamp and an appropriate filter. For compounds which absorb 
at shorter wavelengths, a Chlorfilter was used with windows of UGS glass (Schott, 
Jena) wliich transmits only the Hg line at 2537 mpi. In our most recent experi- 
ments on the separation of colourless compounds, the following apparatus was 
used. Light from an electric arc (iron electrodes) was passed through a slit 
35 mm. long and 3-4 mm. wide, a quartz lens 5 cm. thick, and a quartz or rock 
salt prism 50 mm. high. The resulting line spectrum (length of lines 50 mm.) 
was projected onto a fluorescent screen ; after focusing, the fluorescent screen 
was replaced by a cardboard sheet on which the position of the spectral lines 
in the ultra-violet spectrum had been marked. The adsorption column, con- 
tainca in a quartz tube, was placed in front of the cardboard and moved until the 
optimum contrast was obtained making the bands of the chromatogram clearly 
.recognizable. It is advisable to employ a combination of adsorbent and 
fluorescent compound which does not continue to emit light after illumination 
(luminous paint, N4 green I, Francke, Frankfurt, was used). 


^ Brockmann and Volpers, Ber., 1947, 77 I i949» 8a* 95- Sease, J. Amer, Chetn. 

Soc,, 1947, 69, 2242. 
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Appearance of Zones. — There are two ways in which the zones can be 
made apparent : (i) in the case of adsorbents rendered fluorescent by 
adsorbed morin or berberine, the zones become apparent through extinction 
the fluorescence by the adsorbed compound ; (ii) adsorbents which 
have been mixed with luminous paint behave differently. In this case the 
zones appear as follows. The particles of the adsorbent allow the light to 
penetrate the column to a certain extent and fluorescence excited there is 
-emitted. Actual adsorption of the light is stronger at places where the 
adsorbed compound is present, so that the fluorescing material, in this case 
the luminous paint particles, is not as strongly excited as in those places 
where the column is free : luminous paint particles thus act as small 
fluorescent screens. 

Experimental. — That the outer layer of adsorbent allows light to penetrate 
is shown as follows. A test-tube, the diameter of which is such that it fits in the 
chromatographic tube with 3-5 mm. clearance all round, is filled with luminous 
paint and placed in the tube. The space between is filled with adsorbent and a 
colourless substance is adsorbed onto it. On illumination with ultra-violet 
light the zone appears surprisingly clearly. This filter action of the outer layer 
of the column can also play a part in the appearance of the zones when adsorbent 
materials containing adsorbed morin or berberine are employed. In this case 
each particle of adsorbent acts “as a small fluorescent screen. 

Whether an adsorbed colourless substance is detected through extinction of the 
fluorescence or through the filter effect can be decided in some cases by comparing 
the behaviour of an adsorbent luminous paint with that of the adsorbent + 
morin or berberine. Table I gives the results of such a comparison. 


TABLE I 


Benzaldehyde 

^-Tolylaldehyde 

Acetophenone 

Anisaldehyde 


! 

Al, 0 ,-Luminous paint j 

AljOj-Morin 

1 1 

. . . . . . 1 Non-visible 

Visible 

!!!!!! i i 

tt 


A mercury lamp with a filter allowing the transmission of light of wavelength 
360-370 mp was used. Since the above compounds hardly absorb at 365 mp. 
the zones do not appear when adsorbent -h luminous paint is employed. The 
appearance of the zones when adsorbent -f morin is used must therefore be due 
to extinction of fluorescence. The effectiveness of the extinction is greater in 
the case of morin than that of berberine. Thus the phenacyl esters of aliphatic 
carboxylic acids, which hardly absorb at 365 mfx, are visible with light of this 
wavelength on AL^Oa-morin but not on silica-berberine. 

Relations Between Constitution and Adsorption Affinity. — The 

adsorption affinity, that is the firmness with which organic compounds are 
adsorbed from non-aqueous solvents inter alia, depends on the nature of the 
skeleton and of the functional groups of the adsorbed compound. 

In order to find the effect of the functional groups on adsorption affinity, 
several compounds containing the same basic skeleton but differing only 
in one functional group were investigated. The first experiments were carried 
out with ^-substituted stilbenes and azobenzenes. These compounds were 
adsorbed on AI2O3 from benzene or from carbon tetrachloride. Since stilbene 
and azobenzene under these conditions are only very weakly adsorbed, the 
adsorption affinity of the derivatives can be taken to be almost entirely 
dependent on the nature of the substituents. The functional groups in 
Table II are arranged in order of decreasing adsorption affinity. 
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Compounds separated by a horizontal dash could be separated, the others 
were not fully separable. The two series are in almost complete agreement 
with each other. Differences are only found in the three unnumbered 
acyl derivatives on the right-hand side : those in the azobenzene series lie 
higher than those in the stilbene series ; the order, however, remains the 

TABLE II 


R-CeH,.CH:CH.C,H4— 

R-CeH,.N:N.CeH,— 

R-COOH 

R-CONHjj 

R-COOII 

R~OH 

R-OH 

R-NH-Ac 

R--NH~ 

R-NH-Ac 

R-O-Ac 

R-NHj 

R-O-Bz 

R-O-Ac 

R-COOCH3 

R-N(CH8)2 R-O-Bz 
R-NOa " 

R-OCH3 

R~H 

R-COOCH3 

R-N(CH3)a 

R-NOa 

R-OCH3 

R-H 


Ac = CHa.CO- Bz = CcH^.CO - 


same. This difference is probably due to the fact that the azobenzene 
derivatives were adsorbed from benzene and the stilbene derivatives from 
carbon tetrachloride. The solubility of the azobenzene derivatives in 
carbon tetrachloride was unfortunately too small for adsorption experiments 
to be carried out using this solvent. 

Dependence of Adsorption Affinity on the Adsorbent. — In the 

adsorption of organic compounds from non-aqueous solvents only, certain 
points on the adsorbent particle (the so-called active points) play a part. 
These are mainly at positions where the crystal lattice is faulty. The 
adsorption activity of an adsorbent therefore does not only depend on its 
chemical nature, but also on the nature of its crystal lattice. a-Al203 
does not adsorb whereas y-AlgOg and Bohmite are very effective as 
adsorbents. CaS04, like the “ soluble ” anhydrous salt, possesses the same 
crystal lattice as the hemihydrate ; it shows good adsorption properties, 
and is, in the light of our experience, very efficient in the separation of 
hydroxy-anthraquinones. As the lattice of the soluble anhydrite is changed 
into that of the insoluble anhydrite by heating to 250°, the capacity for 
adsorption falls very considerably. 

We have previously shown that Y-AI2O3 can be obtained in live different 
grades (by treatment with water vapour or by regulated heating) which can 
differentiate by adsorption of azo dyes under standardized conditions. The 
employment of AI2O3 with ditferent and reproducible activities has proved 
so useful that we have attempted to prepare graded specimens of other 
adsorbents. By vatying its water content, bentonite was obtained in five 
grades of activity, silica gel and precipitated silica in three, CaS04 and MgO 
also in three, and CaCOs in two different grades. The standardization of 
these adsorbents was carried out using the same dyes as in the case of alumina. 
In the course of these experiments we have tried to find out whether, with 
the same solvents, our test dyes were adsorbed in the same order as on 
AI2O3. The following experiments show this not to be the case. 



H. BROCKMANN 


6i 


Adsorption Sequence of Azo Dyestuffs in Columns of Different 
Adsorbents. 

Dyestuffs : ^-hydroxyazobenzene, ^-amino-azobenzene, Sudan Red 
(o-CH3).C6H4.N:N.CeH4(o-CH3).N:N.QoHe.OH, Sudan YeUow CeHg.NrN. 
CjoHe-OH, ^-methoxyazobenzene. 

Solvent : Benzene-Petrol ether, 1/4. 

The most strongly adsorbed dyestuff is listed at the top of each column, 
the least adsorbed at the bottom. 


AI2O3 

Hydroxyazobenzcne 
Amino-azobenzene 
Sudan Red 
Sudan Yellow 
Methoxyazobenzene 


S iOg 

Sudan Red 
Oxyazobenzene 
Amino-azobenzene 
Sudan Yellow 
Methoxyazobenzene 


MgO 

Hydroxyazobenzene 
Sudan Yellow, Sudan Red 
Amino-azobenzene 
Methoxyazobenzene 


CaS 04 

Hydroxyazobenzene, Sudan Yellow 

Anhno-azobenzene 

Sudan Red 

Met hoxyazobenzene 


CUSO4 

Amino-azobenzene 
Sudan Red 
Hydroxyazobenzene 
Sudan Yellow 
Methoxyazobenzene 


Effect of the Acid or Alkaline Character of the Adsorbent on the 
Adsorption Sequence. — The adsorption sequence of acidic or basic dyes 
is influenced by the acidity or alkalinity of the adsorbent as the following 
observations show. 

Solvent : Benzene-Petrol ether, 1/4. 


AI2O3 alkaline 

Hydroxyazobenzene 
Amino-azobenzene 
Sudan Red 
Sudan Yellow 
Methoxyazobenzene 

SiOg treated with NaOH 

Sudan Red 
Amino-azobenzene 
Hydroxyazobenzene 
Sudan Yellow 
Met hoxyazobenzene 


AlgOg treated with HCl 

Hydroxyazobenzene 
Sudan Red 
Amino-azobenzene 
Sudan Yellow 
Methoxyazobenzene 

SiOg treated with HCl 

Sudan Red 
Hydroxyazobenzene 
Amino-azobenzene 
Sudan Yellow 
Methoxyazobenzene 


Effect of Different Solvents on the Adsorption Sequence. — The 

firmness with which a compound is adsorbed from a non-aqueous solvent 
depends on the nature of the solvent in two ways : (i) the solvent tends to 
occupy the active points of the adsorbent ; (ii) the solvent reacts with the 
dissolved substance (solvation). Both these effects are negligible with 
non-polar solvents such as petrol ether, cyclohexane, carbon tetrachloride 
and benzene, but considerable with polar solvents. The effect of various 
solvents on the adsorption sequence of dyestuffs is shown in the foDowing 
results. 
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Adsorbent: AIjOj 


Benze ne -Petrol ether, 1/4 
Cirbon tetrachloride 


Ether 


Hydroxyazobenzene 
Amino-azobenzene 
Sudan Red 
Sudan Yellow 
Methoxyazobenzene 


Sudan Yellow, Hydroxyazobenzene 
Sudan Red 
Amino-azobenzene 
Methoxyazobenzene 


Chloroform 


Tetrahydrof uran, Dioxan , Cyclohexanone 


Hydroxyazobenzene 
Amino-azobenzene 
Sudan Yellow 
Sudan Red 
Methoxyazobenzene 


Hydroxyazobenzene 
Sudan Red, Sudan Yellow 
Amino-azobenzene 
Methoxyazobenzene 


Adsorbent : CaS04 


Ben zene-Petr ol et her, 1/4 

Sudan Yellow, hydroxyazobenzene 
Amino-azobenzene 
Sudan Red 
Methoxyazobenzene 


Et^er 

Sudan Yellow, hydroxyazobenzene 
Amino-azobenzene 
Sudan Red 
Methoxyazobenzene 


Chloroform 


Sudan Yellow, hydroxyazobenzene 
Amino-azobenzene 
Sudan Red 
Methoxyazobenzene 


There does not seem to be a relationship between the adsorption sequence 
and the solubility of the test dyestuffs. 

It is remarkable that Sudan Yellow and hydroxyazobenzene are adsorbed 
equally firmly from ether, A similar effect with ether as solvent was. 
observed in the case of the three following Sudan dyes. 


(i) 


(ii) 


(iii) 




These compounds are adsorbed on AI2O3 from benzene-light petroleumi 
1/4 in the order (i), (ii), (iii), but from ether in the order (ii), (iii), (jl).. 
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Even though no satisfactory explanation can at the moment be given 
of the effect of the solvent on the adsorption sequence, our observations lead 
to the following procedure. In the case of a complex mixture which cannot 
be separated by the use of one adsorbent and one eluent, it has been suggested 
that separation may be effected by adsorption from a non-polar solvent onto 
a strong adsorbent, followed by elution with a series of solvents of increasing 
adsorption affinity. We believe that this procedure when applied to 
compounds such as our dyestuffs, which in the adsorption sequence are so 
dependent on the nature of the solvent, is not as satisfactory as a procedure, 
which in our experience has proved to be of value, and which involves 
repeated chromatography of the mixture from one non-polar solvent on 
several adsorbents of varying activity. 

The Adsorption Sequence which is independent of both Adsorbent 
and Solvent. — The marked dependence of the adsorption sequence of our 
dyestuffs on the nature of the solvent is perhaps due to variations in the 
solvation of the hydroxyl and amino groups present. Furthermore, it is. 
possible that, depending on the nature of the solvent, the dyestuffs are 
adsorbed partly in the azobenzenc form, partly in the tautomeric quinone- 
imine form. 

These complications are avoided if the following compounds are used. 
The adsorption affinity decreases as one goes down the series. 

R = CeH,.N:N.CeH4 

(i) R~NH.CO.CH3 

(ii) R~NH.CO.CeH5 

(iii) R-O-CO.CHa or 02N~R~N(CH3)2 

(iv) R-COOCHg 

(v) R~N02 

(vi) R-OCH3 

Instead of dyestuff (iii) which will be partly hydrolyzed on alkaline adsorbents^ 
/>-bromo-^'-dimethylamino-azobenzene was employed. This compound, as a 
result of polarized adsorption, forms a bluish- violet zone. These compounds 
were always adsorbed in the same order from the following solvents on the 
following adsorbents. AlgOg: benzene-petrol ether 1/4, ether, chloroform. 
From ether, separation of (i) and (ii) is incomplete. SiOa : benzene~petrol 
ether 1/4, ether, chloroform. CaS04: benzene-petrol ether 1/4, benzene, 
ether. MgO: benzene-petrol ether 1/4. CUSO4: benzene-petrol ether. 

From the above results we believe that we may draw the following 
conclusions concerning the relations between constitution and adsorption. 
The adsorption affinity of a compound is practically an additive function 
of the adsorption affinities of the basic skeleton and of the functional groups 
only when there is no possibility of tautomerism and when solvation by the 
solvent employed docs not occur. The above-mentioned series can be taken 
to represent the relative adsorption affinities of the functional groups. 
Deviations from the above sequence are to be observed only when the 
adsorption behaviour of the functional groups is very similar. Strain ^ 
has ^awn similar conclusions, using carotinoids. The knowledge that 
adsorption affinity depends largely on the number and nature of the 
functional groups only when the skeleton of the molecules is not very different 
enables one to predict in many cases whether chromatographic separation 
is possible. 


• 7 . Amer. Chem, Soc,, 1948 , 70 , 588 . 
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Water-soluble Salts as Adsorbents. — Anhydrous copper sulphate 
has shown itself to be particularly well suited to the separation of 
azobenzene derivatives. The following azobenzene derivatives were adsorbed 
from benzene-light petroleum 1/4 and were eluted with the same solvent 
mixture or with benzene alone : the compounds were found to be adsorbed 
in the following order of decreasing adsorption affinity. 


R = -CeH4.N;N.CcH4~ 

(i) H-R-NHg 

(ii) (CH3)2N-R-N(CH3), 

(iii) H-R-N-(CH3)2 

(iv) Br-R~N(CH3)2 

(v) H-R-NH.CO.CH3 

(vi) H-R-NH.CO.CeH5 


Colour of the zones 

Flesh-coloured 
Bluish red 
Purple 
Blue 

Reddish brown 
Pale red 


The following azobenzene derivatives, which cannot be separated on alumina 
are easily separated on anhydrous copper sulphate. 

(1) R-COOCH3, R-N(CH3)2. R-N(CH3)2 is well adsorbed from benzene 
onto copper sulphate, R-COOCH3 on the other hand forms an easily 
ehited yellow zone. 

(2) R-NH2, R-NH.CO.CfiHg. R-NH2 is firmly adsorbed onto CUSO4 
from benzene as a flesh-coloured zone from which R-NH.CO.CgHg 
is easily separated by elution. 

(3) R--NH2, R-O-CO.CH3. R-NHg is adsorbed from benzene much more 
firmly than R-O-CO.CH3. 

(4) R-NO2, R-N(CH3)2. The purple zone of R-N(CH3)2 is much more 
firmly adsorbed than the orange zone of the nitro compound. 

Anhydrous zinc, manganese, aluminium and magnesium sulphates can 
also be used for the separation of azobcnzcne derivatives. 

We believe that it is probable that the addition compounds of the type (I) 
analogous with salts of ^-amino-azobenzene (II) are formed on the surface 
of the adsorbent. 

The above-mentioned salts, particularly aluminium sulphate, can be used 
for the separation of other compounds such as hydroxy-anthraquinones. 
Compounds that are very firmly adsorbed onto these salts can be isolated 
simply by dissolving the inorganic material in water and extracting the 
organic compounds with a suitable solvent. 
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THE FUNCTION OF ADSORBENT ACTIVITY IN THE 
CHROMATOGRAPHIC SEPARATION OF CERTAIN 
ANTHRAQUINONE COMPOUNDS 

By a. Stewart 

Received Sth August, 1949 


The activit}^ of adsorbents used in chromatography with organic solvents is easily 
controlled by preliminary incorporation of water in the adsorbent. The effect on the 
band movement of simple anthraquinone compounds in toluene on activated alumina 
and unactivated magnesium carbonate is described. The conditions for preparing 
activated alumina by heating between 250° and 500° C have considerably less effect 
on the behaviour than has the deactivation treatment. The band movement measure- 
ments were made under satisfactory comparative conditions but are affected by several 
<*rrors ; in particular the greater solvent movement in mid-column than at the periphery 
renders values obtained at the periphery ii % low. 

The distribution of the anthraquinone compounds between solvent and partially 
deactivated alumina is independent of concentration. The length of the initial chromato- 
graph band and the mean rate of band movement are in satisfactory accord with theory. 
The considerable band widening in passage through a column is independent of the 
adsorption, little affected by the rate of solvent flow and may be caused by non- 
uniformity of flow through the interstitial capillary spaces ; its effect on the separation 
of a mixture causes the various bands to have approximately equal width at the same 
position in the column. 

The relation between constitution and chromatographic behaviour of simple anthra- 
quinone compounds, largely influenced by the conditions used, is briefly described. 


The .'successful application of adsorption chromatography ultimately 
depends on the empirical selection of operating conditions, if for no other 
reason than that the composition of the mixtures examined is rarely fully 
known until the separation has been achieved. Various methods have been 
described for the partial deactivation of adsorbents and it is tlie purpose 
of tliis paper to draw attention to the simpheity of this operation and the 
wide range of control exercised on the band movement, enabling this 
variable to be systematically apphed in selecting the operating conditions. 
To illustrate the beha\dour, band movement measurements have been 
made using tlie highly coloured simple anthraquinone compounds in toluene 
s(dution ; these conditions do not necessarily represent the optimum for 
such separations, for which their fairly low solubility is often a controlhiig 
factor. The effect on activated alumina and magnesium carbonate adsor- 
bents is described ; it has been applied to other adsorbents, but with the 
wide range of control obtained on deactivation these adsorbents cover 
most of the activity range required when the separation is carried out from 
organic solvent solution. The effect of variation in the conditions for the 
activation of alumina is shown to have much less effect on the behaviour 
than has the subsequent deactivation. 

Partial deactivation of activated alumina gives a distribution between 
adsorbent and solvent which is substantially independent of the concen- 

^ Zechmeister and Cholnoky, trans. Bacharacli and Robinson. Principles and 
Practice of Chromatography, (Chapman & Hall, London, 1941, p, 48.) 

* Brockmann and Schodder, Ber,, 1941, 74, 73. 

* Miiller, Verb. Ver. Schweiz. Physiol., 1942, 21, 29; Helv. chim. Acta, 1943, 26, 1943 ; 

1944, 27. 404. 

^ Schroeder, Ann, N.Y. Acad. Sci., 1948, 49, 204. 

® Stewart and I.C.I. Ltd., Brit. Pat. 565,405. * 
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tration and under these conditions the mean band movement and the 
length of initial band are shown to be in agreement with the theory described 
by LeRosen ® and others.’"^® Conditions affecting the widening of bands, 
often a limiting factor in the chromatographic separation, are considered. 

Theoretical 

The symbols used have the following significance : 
i . . . . Weight of interstitial solvent per unit length of the column. 

m . . . . Weight of adsorbent per unit length of the column. 

K . . . . Distribution constant = the weight of solute adsorbed per gram 

of adsorbent/equilibrium concentration of solution in gram per 
gram, this value being substantially constant under the conditions 
employed. 

K' . , . , Distribution constant prevailing in unit length of the column, 

K' = Km/L 

c . . . . Concentration of solution. 

IV , . . . Weight of solution. 

A' . . . . Distance of any point in the column measured from the beginning 

(top) of the column. 

D . . . . Distance the developing solvent has moved in the column. 

. . . . Initial concentration of solution added to column. 

aTq . . . . Length of the initial band formed by adding to column. Ag 

referring to initial lengths of components a and p. 

. . . . Length of column occupied by interstitial solvent of weight w^. 

. . Distance the developing solvent requires to move to separate 
two bands starting from and x§. 

7? . . . . Displacement of zone on column /displacement of solvent in 

column R = dx/dD. Ri^ for the leading edge of a band ; Rf 
for the following edge ; Rm for the mean of R^^ and Rp^ 

% expressed as a percentage of the solvent movement. 

% H . . Extent of water deactivation ; ml. water addition per loo g. 

adsorbent, the latter including any moisture initially present. 
RlI^m • • ^ measure of the widening of a band edge in passage through the 

colunm. 

As LeRosen ® and others have shown, where the distribution between 
adsorbent and solvent is independent of concentration and is rapidly 
established, the conditions for the formation and separation of the bands 
can be evaluated. 

If a solution of concentration Co of a pure compound is added to a colunm 
in amount Wo equal to length Do of interstitial solvent, the ratio of inter- 
stitial solvent to adsorbent in unit length of the column being i/m, then 
the solute is adsorbed until it reaches equilibrium with the initial concentra- 
tion of the solution and a band of length Xo is formed such that 

+ K\c^ = DoC„ or x^ = DJ(i + K') = DJ{i + Kniji) . (i) 

If pure solvent is now allowed to flow through the column then the band 
moves down at a fraction of the rate of linear movement of the solvent 
equal to the fraction of the total substance present in the interstitial 
solvent. The movement of the band relative to the linear movement of 
solvent through the column R is given by 

K = xJD^ = i/(i + K’) = i/(i + Km/i), . . (2) 

or K' = {i- R)IR and X = [{i - R)/R] i/m . . (3) 

® LeRosen, J. Amer. Chem. Soc,, 1947, 69, 87. 

De Vault, J. Amer. Chem. Soc., 1943, 65, 532. 

* Weiss, J. Chem, Soc., 1943, 297. 

• Glueckauf, J. Chem. Soc., 1947, 1302. 

Weil-Malherbe, J. Chem. Soc., 1943, 303. 
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The movement of the chromatograph bands through a column is con- 
veniently expressed as the relative movement R, which is given here 
as a percentage of the solvent movement. The value depends on the 
ratio of solvent to adsorbent i/m for the particular column, so that the 
results obtained from different columns require to be calculated on the 
basis of eqn. (2) and (3) to correspond with a particular value of i/m. 



I. — Effect of water deactivation treatment applied to activated alumina on the 
band movements of antbraquinone compounds in toluene. 

Curve I. i-Chloroanthraquinone. 

, , 2 . I -Methylaminoantliraqu inone . 

, , 3 . I - Aminoan thraquinone . 

,, 4. i-Dimethylaminoanthraquinone. 

,, 5. I ••Amino-4-methylaininoan thraquinone. 

,, 6. 2 -Aminoan thraquinone. 

,, 7. I : 4-Diaminoantbraquinoiie. 

,, 8. 1:4: 5-Triaminoanthraqiiinone. 


Under the above conditions the band should move down the column 
^vithout changing its length, the small region in front and rear where 
adsorption and desorption occur remaining constant. The position of the 
following and leading edges of a band is given by 

Following edge : x ^ D/D^ ... (4) 

Leading edge : x x^ + D/D^ ... (5) 

“ LeRosen, J. Amer. Chem. Soc., 1942, 64, 1905* 
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If a second component is present in the initial solution and there is no 
mutual interference in the distribution, the bands will draw apart and 
commence to separate when the following edge of the faster reaches the 
leading edge of the slower 

^ XI XI DsjD^ or Df/D^ = xll(x^ — K), • (6) 

the actual position on the column being given by 



l‘iG. 2. — Effect of water deactivation treatment applied to unactivatcd magnesium 
carbonate on the band movement of anthraquinone compounds in toluene. 

Curve 1. i-Hydroxy-4-^-toluidinoanthraquinone. 

,, 2. 1:4: 5-Triaminoanthraquinone. 

,, 3. 1:4:5: 8-Tetraminoanthraquinone. 


The solvent flow required to produce the initial separation should depend 
on the ratio of the lower R value to the difference in R values, while the 
])osition at which this separation occurs and the actual rate at which the 
bands subsequently move apart depend on the value of R, 

Certain complications limit the simple application of the above relations. 
The leading edge of a band moves considerably (20 %~30 %) faster than the 
following edge and the diminishing concentration at the band edges increases 
the difficulty of measuring the band movement and determining the position 
of separation. The bands move at a different rate in mid-column than 
at the j)eriphery, probably 16 % faster in the columns considered below. 
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Experimental 

The Control of Adsorbent Activity by Partial Deactivation. — The 

preferred method of deactivation consists in adding liquid water to the adsorbent, 
shaking to distribute the soft wet portion initially formed and mixing for 2 hr., 
conveniently by rotating the container. The addition necessary causes little 
or no change in the handling properties of the adsorbents ; the method is easy 
to carry out and gives a reproducible behaviour. The deactivation is expressed 
as ml. water addition per 100 g. adsorbent, abbreviated to % i/, the weiglit 
of adsorbent including any moisture initially present. 



1m<.. 3 . — The effect of water deactivation treatment applied to activated alumina on 
tile distribution constant of anthraquinone compounds between toluene and 
adsorbent. The curs'^os are numbered as in Fig. i. 


The effe^:t of partial deacthatioii on the band movement of simple anthra- 
(juinone compounds in toluene on activated alumina (Type O ; P. Spence & Sons 
Ptd.) and on unactivated magnesium carbonate (Ponderous. P.P. quality ; 
Cuxson, Gerrard and Co. Ltd.) is shown in Fig. i and 2, the band movement 
being given as the mean of the leading and following edge movement % J?y, 
determined and corrected for \ariation in column packing as described below. 

This reproducible behaviour enables the rate of movement to be controlled 
over a wide range so that in conjunction with a suitable choice of organic solvent 
and a sufficiently high initial adsorbent activity most separations can be obtained 
at a convenient rate. In practice the two adsorbents mentioned, which are of 
satisfactory grain size for chromatographic use, meet most requirements. Inter- 
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mediate values of the deactivation tend to give most effective separations as 
the maximum increase of movement with deactivation generally occurs at 
low % H values for weakly adsorbed compounds and at higher values for those 
more strongly adsorbed. Occasionally the order of the band movement changes 
with the deactivation, generally at low values of % if (Fig. 3) . Partial deactivation 
of activated alumina gives a distribution between adsorbent and solvent sub- 
stantially independent of concentration and bands do not form long trails at 
one or other edge when this applies. 

When the solvent used has affinity for water, equilibrium appears to be estab- 
lished with the deactivated adsorbent and any initial water present in the solvent 
affects the chromatographic behaviour to some extent. For separations from an 
aqueous medium this deactivation treatment is ineffective. 



r/(7/ty aoJfnofi ntf per fOOo 
4^:/ ^ /£_ ^ 

Fio. 4. — Band behaviour of the test mixture in toluene on alumina activated at 330° C 

for 4 hr. 

Curve I. Red band. Curve 3. Purple band. 

,, 2. Blue band. ,, 4. Violet band. 

Fig. 3 shows the effect of partial deactivation on the distribution constant, 
calculated from the %Rm values shown in Fig. i by means of eqn. (3). There is 
a very considerable change in the distribution with practically a linear relation 
between log K and % H when the deactivation exceeds 2*5 % H. 

The Effect of Conditions of Activation of Alumina on the Deactivation 
Behaviour. — Activated alumina may be prepared by heating aluminium 
trihydroxide at atmospheric pressure, the product, y alumina, retaining some water 
to an extent varying with the activation temperature ; it may also contain 


*2 Holmes, Lava, Delfs and Cassidy, J. Biol. Chem., 1933, 99, 417. 
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alkaline impurities which can if necessary be removed, but these rarely upset 
the chromatographic behaviour. Satisfactory commercial products are available 
which obviate the rather troublesome activation. To find the effect of activation 
conditions on the behaviour after water deactivation, dried hydrate of alumina 
(British Aluminium Co. Ltd.) was heated in an open pan at temperatures and 
for periods on temperature given below, together with the moisture content 
of the products determined by ignition to about 800° C. 

Temperature . . C 250 330 330 330-360 400 500-550 

Time .... hr. 4 4 8 24 4 4 

Moisture content % 11*3 8-8 7*9 5-3 3-9 1-7 

Each sample was deactivated with from 1-5 % to 15 % water addition (% H) and 



Fig. 3 -'Effect of conditions of activation on the relative movement of the violet band. 


Curve I. 

A-ctivatcd at 250° C 

2. 

„ .. 330*" C 

.. 0 

330° c 

M X 

„ M 33 o''- 36 o° 

»i 3’ 

„ „ 400*^ C 

4- 

.. 5«o°-55o° 


band movements measured using a toluene solution of four components which 
gave distinctive highly coloured bands covering a convenient range of adsorption 
affinity* The 10 ml. solution added to each column contained 

0*77 mg. i-Methylaminoanthraquinone (red, least adsorbed band), 

0*34 mg I : 4-Dimethylaminoanthraquinone (blue band), 

128 mg. i-Amino-4-methylaminoanthraquinone (purple band), 

0 58 mg. I : 4-Diaminoanthraquinone (violet, most adsorbed band), 

Siewert and Jungnickel, A,C.S, Abstr., 1943. 37, 5898. 
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the actual concentration of the components being unimportant provided sufficient 
is present to give a highly coloured band. Fig. 4 shows the band behaviour of 
these components on one sample of adsorbent while Fig. 5 shows the effect of 
conditions of activation on the behaviour of the most strongly adsorbed com- 
ponent, the results for the others being similarly distributed and displaced to an 
extent indicated in Fig. 4. The curves in Fig. 5 show the effect of activation 
temperature, the effect of the heating period between 4 and 24 hr. at 330° C 
being within the experimental error. 

The activation conditions employed have considerably less effect on the be- 
haviour than has the subsequent deactivation treatment. There is no direct relation 
between the initial moisture content and the water added on deactivation, 
e.g., samples prepared at 250'^ and 530" C differ by 9-6 % in initial moisture but 



Water oc/c//tion^ ml, per /OOq, Alumina 
'Pl/ i {£_ 

Fig. 6 . — Effect of the correction for variation in the ratio of solvent to adsorbent in 
alumina columns ( x ) and curves show the uncorrected values ; (•) show the corrected 
values corresponding to the curves shown in Fig. 4. The ijm values were : 1*5 % // 
0*580 ; 2*5 % H 0*583 ; 5*0 % H 0*542 ; 10 % H 0*462 ; 15 % H 0*425. 

give practically the same relative band movement when a further 10 % water 
is added to both. For low values oi % H the band movement increases with 
activation temperature, but the extent to which the band movement increases 
on further addition of water decreases with activation temperature. Qualitative 
tests show that activation temperatures above 500^-550° C give a progressive 
decrease in activity. The quality of activated alumina probably depends to some 
extent on the nature of the starting material and other factors, but the general 
behaviour on deactivation is similar 

The Measurement of Band Movement. — The tubes used were 2 cm. 
diam, and 55 cm. long having a compact cotton wool retaining plug. Well- 
packed columns free from air bubbles were obtained from 150 g. alumina or 
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70 g. magnesium carbonate which were added as a slurry in toluene and settled, 
with assistance of intermittent tapping, to a constant column length before use ; 
the interstitial solvent was determined by weighing the column before and after 
adding the adsorbent. The temperature remained close to 20® C throughout and 
no temperature correction was applied. The solvent used was high-grade technical 
toluene which had been passed through a column of the same adsorbent so as to 
minimize any possible effect on the activity. The solution under test was added 
(10 ml. of 0*1 % cone.) when the solvent level had dropped to the adsorption 
surface and as soon as this entered the column it was washed in with several 
small (0*5-1 ml.) lots of solvent before raising the solvent level to about 10 cm. 
above the adsorbent where it was maintained throughout the measurement 
by means of a constant level arrangement. Care was taken at all stages not to 
disturb the adsorbent or allow air to enter the column. Gravity flow was employed 
and was measured by weight. The position of the band edges and the solvent flow' 
gave satisfactory linear relations against time from which the Rj^ and Rp values 
were obtained by means of the previously determined length of column occupied 
by I g. of interstitial solvent, and these arc given throughout this paper as a 
percentage of the solvent movement. 

A typical column was of 3*303 cm.® cross-sectional area and 43*9 cm. length L, 
containing 150*3 g. (m x L) activated alumina of 5 % // and 81*29 g. (i x L) 
interstitial soh ent ; the latter occupies 0*540 cm. per g. solvent and for the 
observ ed flow of 54*34 g./hr. the linear movement of solvent was 29*29 cm. /hr. The 
solvent movement varied between 23 and 45, average 28*8 cm./lir. for the various 
columns. The value of i/m was fairly constant for a single sample of adsorbent 
but varied from o*6 to 0*4 as the % H increased from 1*5 to 15 %, the mean value 
being close to 0*5. Values of R corresponding to this mean value of i/yn were 
obtained from the measurements on alumina columns from 


r corrected — 


^ 0*5 ^ m 


i (I ~ R) 
n R 


Tlie magnesium carbonate columns gave a mean value for ijm of 1*17, which 
was used in place of 0*5 for their correction. 

The effect of the correction for ijm is shown in Fig. 6 where the uncorrected 
values corresponding to Fig. 4 are shown by ( x ) with curves drawn through these 
points and the corrected values —corresponding to the curves shown in Fig. 4 
— are indicated by ( • ). The correction is relatively small and without significant 
effect on the general relation between band movement and adsorbent activity. 

The reproducibility of the band movement measurement was tested in a series 
of columns using a band having Rj^j 51 % J the standard deviation for the 
Rj^ and Rp values was 3*3 and 2*7 and for Rj^ 2 0. RjJRf^ = 1*15, with 
standard deviation o*o6. The behaviour of these columns was found sub- 
stantially unchanged after use in a series of measurements. 

The reproducibility is reasonably satisfactory for comparative purposes 
involving fairly large differences, but apart from errors due to the difficulty 
of observing the exact position of the band edge and the occasional inclination 
of the bands there is a further error arising from the bands and presumably the 
solvent moving faster in mid -column than at the periphery. Since a uniform 
solvent movement over the cross-sectional area of the column has been assumed 
the Rj^ values are too low, results given below indicating this error to be about 
II % but no correction has been applied for this factor. Provided the com- 
parisons are carried out in similar columns, as in the present case, this source of 
error should remain reasonably constant. 


The Relation between Adsorption and Band Movement .—Preliminary 
adsorption measurements vere made allowing a solvent solution to reach 
equilibrium with an alumina adsorbent and determining the equilibrium con- 
centration, but this procedure was limited to low values of the latter by the low 
solubility of the compounds used and the photometric method employed. The 
results fitted the Freundlich adsorption equation. 


(specific adsorption) = logjoA' -f- a log^o (equilibrium concentration). 
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a being about 0-75 for activated alumina but increasing to i*o on partial deactiva- 
tion with water and becoming slightly greater than i for weak adsorption. 
Within a rather large experiment^ error there was agreement between the 
observed Rm value and that calculated from K by means of eqn. (2). 

To obtain measurements at higher concentrations a 2 -cm. column packed 
with 50 g. partially deactivated Type O alumina and of known interstitial 
volume was used, the solution being fed through the column until the issuing 
solution was at the initial concentration and the amount adsorbed determined 

TABLE I 

Tuk Relation Between the Band Movement Calculated from Adsorpiion 
Measurement and the Observed Value 

Adsorbent : Partially deactivated Type O Activated Alumina. 

% H = ml. water added per 100 g. adsorbent. 

(w) measurement for band washing out. 

(p) ,, from peripheral observation. 




% R calc. 

% R obs. 


Adsorbate 

Conditions 












adsorption 

Rl 

Rf 

Rm 

1 : 4-Di-p-toluidino- 

Toluene : 5 % /f 






anthraquinone 

Cone. 46 mg. % 

73-2^ 
72-7 j 

* 73-0 

(w) 81-7 

(P) 74-8 

55*^ 

51-4 

68*7 

63-1 


.. :8-i 

76*0' 

() 8 ‘ 0 ^ 


iP) 75-t- 

5 1 *6 

'>3-3 

1 -Methylammo- 

Toluene : 5 % // 






anthraquinone 

Cone. 1 15 mg. 

55*0 1 
55*T J 


iP) . 57 -‘> 

38-0 

47*5 


<> 2*5 

.55*9 I 
54*1 J 

'55-0 

iP) 57-3 

37*f> 

3 7-2 



53*5 1 
54*^^J 

“54-0 

{p} 

3(>-b 

46*4 

I -.‘\1nino-2-methyl- 

Toluene : 5 % H 





j 

anthraquinone 

Cone. 46*2 mg. % 

37-0 1 

= 37-' 

(w) 54-2 


40*1 



37*2 J 

(/>) 34-0 1 

20*2 

31*6 


„ i6*3 

36-21 

^36-3 

(“>) 50-3 1 

27*-! 

38*8 



36-4 J 

iP) 33'<> 1 

28*2 

30*6 


^4 .. J 

34*61 

}'35-6 

(“') 47-3 1 

27-9 

37*6 



36-7 J 

iP) 31-2 

29-0 

30-1 

1 -Amino-4 -me thy 1- 

Toluene : 5 % H 






aminoanthraquinonc 1 

Cone. 23*1 mg. 

9*0 

9-3 

(w) 13-3 

7*2 

ro-3 

1 


I 9*5 J 

9*8 ] 

7*5 

8*6 


Benzene 

Cone. 4*0 mg. % 







5 % H 

17-7 


iP) ^^-4 

i.pi 

i8-2 


10 % H 

46-2 


iP) 

i 35*3 

43*1 


15 % H 

8o-i 


ip) 106 

1 6 o -7 

« 3*5 

I : 4-Diaminoanthra- 

Toluene : 5 % H 






quinonc 

Cone. 7*5 mg. % 

! 

8*8^ 
9*2 J 

}■ 9-0 

(p) 7--2 

7-0 

7*1 


by difference and also by washing the band from the column, allowance being 
made for the solution held by the cotton wool retaining plug. The relative 
band movement was determined in the same column by observing the peripheral 
movement and in some cases by observing when the band stairted and finished 
washing from the column. The results are summarized in Table I. 

There is reasonable agreement between the band movement calculated from 
adsorption measurements and the observed Rj^ values, the values obtained 
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by washing from the column being 5*1 % high and tliose obtained from peripheral 
observations ii*i % low; as indicate above the latter are likely to be too 
low due to non-uniformity of solvent flow across the cross-sectional area of 
the column. The results confirm that band movement on the partially deacti- 
vated alumina adsorbent used is independent of concentration. A considerable 
difference is shown between the band movement of the leading and following 
edges which in the case of the peripheral results is a measure of the band widening 
further considered below : the somewhat greater difference obtained when the 
band is washed out represents the widening between the leading edge in mid- 
column and the following edge at the periphery. 

The Widening of Bands. — (i) The leading and following edges of a band 
move down at a uniform rate and the widening of each edge is given by 
J'he widening is not uniform over the whole band but is greater towards the 
edges than for the main deeply coloured portion, the movement of i-methyl- 
aminoanthraqiiinone in toluene on Type O s%H alumina being : 

Rp Rp Rj^j R/fRyi 

Edges of band . . . , 43-2 59-2 51*2 115 

Main portion of band .. 45*1 55*7 50*4 i*io 

(ii) The R^/Rm value is substantially the same for the bands of all components 
present in a column, independent of the R^ value and is little affected by the 
extent of deactivation. Table II gives results from a set of measurements on 
the activation of alumina using the four component mixture as described above, 
which are typical of the six samples examined in this connection. 


TABLE II 

RilRju FOR THE Four Component Mixture on Five 2-cm. Columns : Alumina 
Activated at 330° C for 8 Hr. and Partially Deactivated 


1 

Column 

Deactivation 

(% If ) 

ijm 

i 

i Violet 

1 Hand 

j Purple 

1 Band 

i 

j Blue 

1 Band 

j 

! ] 4 eci 

1 Band 

j 

1 Average 

i 





RfJRM 



1*5 

• 5 f >5 

T-I4 ! 

' I ‘04 

1*05 

I'I 2 

I *09 

2*5 ; 

•559 

T-I 2 

1 *06 

1*05 

i*o6 

1 1*07 

i 

• 52 (> 

T-29 

1*23 

1*17 

; i*ii 

1 1*20 

10 

*439 1 

1*08 

1 *09 

1*04 

I *00 

1*07 

15 

•403 

1 

1*09 ! 

I -07 

1*04 

1-07 

1*07 

Average 



1 i-io 

1 

1*07 

1*09 

1*10 





Rjtf % 



1*5 1 

— 

• 7 

•4 

1*2 

7*9 

i 2-4 

2*5 1 

— 


*6 

2*3 

I4-I 

4*3 

5 ! 

1 

1-6 

5 *« 

19*3 

41-2 

! i0*8 

10 1 

! 

5*6 

15*4 

38*1 

6i*t 

30-0 

15 

— 

187 

39*3 

64*5 

8o*6 

50*8 

Average 

— 

5*3 

i 

I 2 «I 

25*1 

41*0 

20*9 


(iii) Similar band widening occurs in the absence of adsorption in passage 
through a column of 2 cm. diam. packed with non-adsorbent particles of similar 
grain size, i : 4-Di-^-toluidinoanthraquinone is not adsorbed from toluene 
solution by slightly moist and unactivated dried hydrate of alumina, fairly 
similar in particle size to the activated product used in Table II. Tests gave 
= 95’i % within the anticipated peripheral error of 100 %. The Rl/Rm 
viue was 1*15. The concentration of the solution leaving the column was also 
measured photometrically, the results confirming the band widening as shown 
in Fig. 7. 
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An increase in the viscosity of the solvent by addition of liquid parajSin reduced 
the flow rate and band movement to a quarter but did not change the R^IRm 
value. 

(iv) The above results indicate that the band widening is not dependent 
on adsorption but is directly proportional to the distance of travel along the 
column, since Rj^lRj^f is substantially the same for all the bands in a column, 
AD is constant and R = Ax I AD, 

(v) The bands from a solution containing several components move through 
a column in such a way that they have the same width at any given position 
in the column. Fig. 8 shoAvs the observed band width plotted against the 
mean band position for the four component mixture referred to above, using 
a column of 2*4 cm. diam. There is appreciable observational error indicated 



Fu.. 7. Behaviour on a non-adsorbent column. Band position and concentration 
leaving column for i : 4-di-/?-toluidinoanthraquinonc in toluene on a 2-cm. column 
of unactivatcd alumina. 

C'urve I 40 ml. (34*6 g.) initial solution cone. 17*8 mg. per 100 ml. 

.. 2 20 .. (17-3 g.) 

3 .5 „ ( 4-3 g.) 

by vertical lines on which the mean value is marked. In the upper part of the 
column the widening is proportional to the distance travelled but beyond 25 cm. 
the rate of widening decreases, perhaps due to the band edges becoming too w^eak 
to be observed. The width of the four bands practically overlaps, although 
the leading band passed the 15 cm. position 48 hr. before the last band. A possible 
explanation of the effect is that the major part of the band width is due to the 
widening effect, which is similar for all the bands, and small differences arising 
Irom the length of the initial bands are concealed by the observational error. 

(vi) Effect of Solvent Flow on Band Widening. — A moderate increase 
in the solvent movement D from o-6 to 3-0 cm. /min. had little effect in a 2-cm. 
column on the RlIRm value at 1*13. Increasing the flow to 15 cm. /min. 
caused an appreciable initial widening of the band after which the rate of widening 
decreased to give an average value of 1*23. 

(vii) Efi ect of Column Diameter. — The band widening appears to decrease 
as the column diameter increases, columns of 2, 5 and 7*5 cm. diam. giving 
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RJRm values of 1*13, 106 and 1*04, the behaviour of the columns being other- 
wise identical. Equally small values have on occasion been obtained in 2-cm. 
diani. columns and the result may only indicate that the most effective packing 
is more easily obtained in columns of larger diameter. 

(viii) A possible cause of band widening may be that the interstitial capillary 
spaces are not of uniform size and flow through some outdistancing flow through 
others leads to dilution and consequent widening of the band. 

Although the band movement is faster in mid-column the rate of diffusion 
in a column is considered to be too small for diffusion from the mid-column 
to periphery to account for the widening. In addition the diffusion would 
be affected by the strength of adsorption, the viscosity of solvent and the rate 
of solvent flow. 



Fig. «S. — Variation in band width with mean position in column. 

Solvent: Toluene; Adsorbent: Alumina activated 300^ C 2.f hr. 5 //. 

Column : 2-4 cm. diam. 

• Red band. 0 Purple band. 

< Blue band. Violet band. 

Some diffusion is to be expected when a solution moves along a capillary* 
space between two solvent layers since the movement is a maximum in mid- 
capillary and zero at the capillary surface. But if this was the full explanation 
band widening might be expected to be more sensitive to the viscosity of the 
solvent and rate of solvent movement, and to increase in a more closely packed 
column. 

The Length of the Initial Band.— From eqn. (2) the length of band obtained 
on adding a solution of a pure compound to a column shoidd equal RD,^, 
the product of the relative band movement and the length of column occupied by 
a volume of interstitial solvent equal to the volume of solution added- Fig. 9 
shows the observed plotted against Ri,D^ and RpD^ from the results of 50 
measurements covering 20 pure compounds, in which 10 or 20 ml. of solution was 
used, Dq being approximately 5 or 10 cm. 

There is fairly satisfactory agreement between and RjP^, whereas the value 
of RpD^ is only about 70 % oi x^. For strongly adsorbed compounds the initial 
band is very small and difficult to measure and the x^ value tends to be too 
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large in these cases. The average values for the 40 measurements in which 
the band exceeded i cm. length were : 

Xo 4*59 4*66 cm. 3*40 

RiDJx^ i-oo, std. dev. 0*17 RpDJx^ 071, std. dev. 0-14 

The agreement between x^ and RiP^ is to be expected since the initial band is 
itself a leading edge and its length will be correspondingly greater than the 
theoretical R^D^ and equal R^D^. 

The Relation between Chemical Constitution and Chromatographic 
Behaviour of Anthraquinone Compounds. — Strain has shown that the 
relation between constitution and chromatographic behaviour frequently depends 
on the solv^ent and adsorbent conditions used and this is found to apply to 



anthraquinone compounds, in some cases a change in the activity of the adsorbent 
by water addition being sufficient to alter the order in which bands move. Within 
this qualification certain general rules serve as a guide to the behaviour and 
appear to be governed by two factors : (i) the specific action of certain groups 
such as hydroxy and amino in increasing the adsorption, probably as Meunier 
and Vinet suggest due to hydrogen bonding between the group and the 
adsorbent ; (ii) the avidity of the various compounds for the solvent employed 
acting against a fairly general adsorptive power. 

The order of increasing adsorption for mono-substitution is generally halogeno, 
iiitro, arylamino, alkylamino, amino, acylamido, hydroxy group in side chain, 
and hydroxy group attached to nucleus. There does not appear to be any 
systematic relation between mono-substitution in the i and 2 positions. 

Adsorption generally increases with increasing number of substituent groups 
of the same composition, to an extent which varies with the position occupied 

Strain, Ind. Eng. Chem. (Anal.), 1946, 18, 605. 

Meunier and Vinet, Chromatographie et Mesomerie (Masson & Cie, Paris). 
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and the nature of the substituent, but decreased adsorption from aqueous medium 
occurs in the case of the sulphonate group. The introduction of further groups 
of different composition may either increase or decrease the adsorption, thus 
methyl, halogcno and arylamino groups tend to decrease and amino, methox}' 
and hydroxy to increase the adsorption. 

Discussion 

The simple method described for the deactivation of adsorbents gives 
remarkable control over the chromatographic behaviour and is easily applied 
as a further variable to the choice of solvent and adsorbent when selecting the 
conditions for any particular separation. It enables the separations to be 
obtained at a convenient rate and in this connection is of considerable 
assistance when a flowing chromatogram is combined with photometric' 
measurement for the quantitative determination of the components.^® 

Appreciable heat of wetting is generated when a solvent is added to an 
adsorbent, even after partial deactivation and as Muller® has shown, the 
heat generated gives a measure of the activity. It would appear that the 
adsorption of a solute depends on competition between the solute, water and 
solvent for the available active surface. In the case of activated alumina 
a small degree of deactivation renders the distribution of a solute between 
solvent and adsorbent independent of the concentration, a factor which 
facilitates the chromatographic separation ; under these conditions fairly 
satisfactory agreement has been obtained between the mean relative move- 
ment of the bands, the length of the initial band and the values predicted 
from theory. 

The solvent flow is greater in mid-column than at the periphery where the 
almost spherical adsorbent particles are in contact with a surface of much 
smaller curvature, and the packing would be expected to be less perfect. 
Although the chromatograph columns of alumina show dilatency the particles 
are not in closest packing — the interstitial volume is too high for this — and 
it seems likely that they are in a flocculated state similar to that described 
by Kruyt and Seims for suspensions of silica particles in organic solvent, 
in which case the glass surface of the tube may be linked to the adsorbent 
particles by forces similar to those responsible for the flocculation. The 
troublesome band widening appears to be related to the manner of flow 
through the interstitial spaces. 
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EQUILIBRIUM AND RATE STUDIES OF CATION-EXCHANGE 
WITH MONOFUNCTIONAL RESINS 
By D. K. Hale and D. Reichenberg 
Received i^th July, 1949 

The preparation of sulphonated cross-linked polystyrene and of cross-linked poly- 
methacrylic acid is described. The sodium-hydrogen exchange equilibria for both 
materials have been examined. The former resin is shown to behave as a monofunctional 
strong acid and the latter as a monofunctional weak acid. The application of the law 
of mass action to the exchange equilibria is discussed. 




8o 


CATION-EXCHANGE RESINS 


A study of the rate of sodium-hydrogen exchange with sulphonated cross-Unked 
polystyrene suggests that at low concentrations of sodium ions in solution the ra.te- 
determining mechanism is diffusion of ions through a thin film of liquid surrounding 
the resin particle. The influence of hydroxyl ion concentration on the rate of exchange 
of sodium for hydrogen with both resins is described, and the conditions under which 
the diffusion of ions within the resin particle may become the rate-controlling process 
are discussed. 


In the application of ion-exchange resins to chromatographic techniques, 
more information is required on the fundamental molecular and ionic pro- 
cesses involved. Correlation of such information with the basic chemical 
and macromolecular structure may be expected to lead to the development 
of improved materials. In equilibrium and rate studies, monofunctional 
resins obtained by addition polymerization, e.g., sulphonated cross-linked 
polystyrene and cross-linked polymethacrylic acid, offer many advantages. 
In contrast to earlier materials obtained by polycondensation, e.g., sul- 
phonated phenol-formaldehyde resins, these materials possess a fairly well- 
defined structure which may be systematically varied. They may also be 
examined over a wide range of pH without complicating factors arising due 
to the presence of different types of ionizable group. Moreover, the technique 
of suspension polymerization enables the resins to be prepared in the form 
of spherical beads which are especially suitable for rate studies. 

In this paper the preliminary results of an investigation into the equili- 
brium and rate processes with sulphonated cross-linked polystyrene and 
cross-linked polymethacrylic acid are presented. 

Experimental 

Preparation of Cation- exchange Resins. — Sulphonated Cross-linked 
Polystyrene. This material was prepared by the sulphoiiation of a cross- 
linked polystyrene bead polymer as described by D’Alelio.^ Styrene was co- 
polymerized at 8o° C for i8 hr. with ca. lo % divinylbenzene, i % benzoyl 
peroxide being employed as catalyst. The co-polymer was sulphonated witli 
concentrated sulphuric acid at loo"" C for 8 hr. using i % silver sulphate as 
catalyst. The maximum capacity of the product (5*25 milli-equivalents of base 
per g. dry hydrogen form) was independent of particle size and agreed with the 
value calculated for a monosulphonic acid. The material was hygroscopic and 
the dry hydrogen form absorbed approximately 80 % water at 20“ C. On 
conversion from the wet hydrogen form to the wet sodium form a decrease in 
volume of 6 %-7 % was observe ed. 

Cross-linked Polymethacrylic Acid. The carboxylic type exchange resin was 
prepared from methacrylic acid and divinylbenzene. Commercial methacrylic 
acid redistilled in vacuo was polymerized with ca. 10 % divinylbenzene in the 
presence of i % benzoyl peroxide. Polymerization was carried out in a sealed 
tube at 60° C for 24 hr. The product was treated with 2 N NaOH to remove 
soluble material, washed and dried. The maximum capacity (9-2 milli- 
equivalents of base per g. dry hydrogen form) was consistent with the value 
calculated from the composition of the monomer mixture. The dry material 
absorbed approximately 130 % of water at 20^ C and an increase in volume of 
approximately 75 % was observed on conversion from the wet hydrogen to the 
wet sodium form. 

After preliminary cycling in a column between 2 M NaCl or 2 N NaOH and 
2 N HCl, the cation -exchange resins were converted to the hydrogen form and 
washed with distilled water. Washing was continued until the pH of the 
effluent attained a value of 4-0 or higher. If necessary, fines w'ere removed by 
elutriation and the ion-exchange resins were air-dried to a uniform moisture 
content. 


^ D'Alelio, U.S. Pat. 2,366,007, 
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Equilibrium Studies. — Samples of the cation-exchange resins in the 
hydrogen form were weighed out into a series of bottles and further samples 
were taken for moisture content determinations. The latter were dried to 
constant weight over P2O5 in a vacuum desiccator. Different amounts of 
NaOH solution with or without NaCl solution were added to the samples of resin 
and the solutions made up to 50 ml. For the sulphonated cross-linked poly - 
styrene the liquid-solid ratio was loo/i, for the cross-linked poly metliacry lie 
acid 200/1. The solutions were allowed to stand with occasional shaking until 
equilibrium was attained (1-7 days). Aliquot samples of the solutions were 
then withdrawn and titrated with standard HCl or NaOH to determine the 
extent of exchange. The pH values of the solutions were determined using a 
Cambridge pH meter and glass electrode. For the measurement of pH values, 
greater than 9*0, a Cambridge Alki electrode was employed. 

Rate Studies. — ^To obtain samples of resin of approximately uniform 
particle diameter, the resins were sieved in the air-dry state using calibrated 
B.s. sieves. For the determination of rates of exchange two methods were 
employed. 



Fig. I. — Sulphonated cross-linked polystyrene. Relationship between Na+ ion taken 

up by the resin and pH. 

A. Tn presence of 5 M NaCl. b. In presence of ot M NaCl. c. In ah?.enoe of 
NaCl. 

(a) Indicator Method, This method, Avhich is only applicable to sulphonated 
cross-linked polystyrene, depends on the fact that whether the solution is acid 
or alkaline, exchange will proceed virtually to completion if the ratio [Na * ]/[H ' ] 
in solution is sufficiently high (see below). The hydrogen form of the resin is 
stirred with a solution of NaCl and NaOH, the latter being less than sufficient 
to neutralize the hydrogen ions liberated in the exchange process. The solution, 
initially alkaline, becomes acid when the amount of exchange just exceeds 
the amount of alkali originally added. An indicator preferably ol the anionic 
type is used to show this change. 

A weighed amount of resin of known moisture content was added to a known 
volume of water containing a few drops of bromo-cresol green indicator solution 
(0*04 % solution in water) in a small beaker. The mixture was stirred 
vigorously with a magnetic stirrer and a suitable mixture of NaCl and NaOH 
solutions added. The time elapsing between the addition of the alkali solution 
and the colour transition (blue— >-yellow) was measured with a stop-watch. All 
experiments were carried out at room temperature (i8"-22° C) and with a constant 
volume of solution. 

(b) Shallow-bed Method. A simple modification of the method used by Boyd . 
Adamson and Myers - was employed. The resin sample (ca. o*i g.) was supported 


* Boyd, Adamson and Myers, J. Amer, Chem, Soc., 1947, 2836. 
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on stainless steel gauze or a sintered-glass disc. The resin was first converted to 
the hydrogen form and washed free of acid. The solution containing sodium 
ions was then passed through the bed for an appropriate time at a known flow- 
rate. The bed was then immediately washed with a stream of distilled water. 
In the case of the sulphonated cross-linked polystyrene, the amount of residual 
hydrogen ion was determined by displacement, using an excess of NaCl solution 
and titrating the solution with standard alkali. For the cross-linked poly- 
methacrylic acid, the amount of exchange Avas determined by removing the 
sodium ion with a measured volume of standard acid and back titration of the 
acid solution. 


Results 

Exchange Equilibria. — ^The amount of sodium ion taken up at equilibrium 
by the resins and its dependence on pH and on the ratio [Na*^ ]/[H‘*‘] in solution 
is shown in Fig. i, 2 and 3. 



Fig, 2. — Cross-linked polymethacrylic acid. Relationship between Na+ ion taken 

up by the resin and pH. 

A. In presence of 2 M NaCl. b. In presence of i M NaCI. c. In presence of 
0*1 M NaCl. D. In absence of NaCl. 


It will be seen from Fig. 3 that the Na’^' ion taken up by both resins was 
dependent only on [Na^]/[H^J in solution and not on [Na+] or [H**"] separately. 
In the case of the sulphonic acid type exchanger, provided the [Na'^]/[H‘^] ratio 
in solution is greater than loo/i, virtually complete replacement of hydrogen 
by sodium ion is effected. For the exchange resin containing carboxyhc groups, 
a[Na^J/[H^] ratio of at least io*/i is necessary to effect complete conversion 
to the sodium form. 

Exchange Kinetics. — Using the indicator method it was found that above 
a minimum rate of stirring the results obtained were independent of the stirring 
rate, ihis was found to apply over the whole range of sodium ion concentrations 
studied. Under the conditions employed, however, the degree of mixing of 
resin and solution may be expected to be lower than that attained with the 
shallow-bed method. 
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Relationship between Na+ ion taken up by the resin and log^o [Na.+]/[Hs + ]. 
(?ross-linked polymethacrylic acid. b. Sulphonated crossdinked polystyrene. 
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Sulphonated cross-linked polystyrene. Exchange kinetics at low Na+ ion 
concentrations. (Indicator method.) 

A. Air-dry particle diameter 50-100 (i [Nas"’"] 0-048-0*050 M 
B. ^ *. [Naa+^ 0-026-0-029 M 

c. ^ M 300-400 p. [Na.+j 0*045-0-050 M 

D. „ ,> „ [Na,+j 0*023-0*028 M 
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I'u;. 5. — Sulphonatcd cross-linked polystyrene. Exchange kinetics at high 
ion concentrations. (Indicator method.) 


A. Air-dry particle 
diameter 50-100 p, 

B. Air-dry particle 
diameter 300-400 p 


/ V [Na ,+1 
I A[Nas+] 
/□[NaB+^ 
\ 0 [Na„+’ 


2*i8 M 
I *09 M 
2*i8 M 
1*09 M 



Fig. 6. — Snlphonated cross-linked polystyrene. Relationship between half-life and 
Na"*" ion concentration. (Indicator method.) Air-dry particle diameter 300-400 p. 
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The effect of sodium ion concentration in solution and the particle size of 
the resin were examined using the indicator method. The results obtained are 
shown in h'ig. 4 and 5. 

At low sodium ion concentrations, as shown in Fig. 4, the exchange proceeds 
initially at an approximately constant rate but then slows down progressivel>' 
as the exchange proceeds. At high sodium ion concentrations (Fig. 5) the 
form of curve obtained is similar but owing to the high rate of exchange under 
these conditions the initial rate of exchange cannot be determined accurately 
by the present method. The reciprocal of the time for half -conversion of the 
resin to the sodium form is plotted against the mean sodium ion concentration 
in solution in Fig. 6. 

It appears that at high sodium ion concentrations the rate of exchange is 
independent of the sodium ion concentration, whilst at low sodium ion con- 
centrations the rate is proportional to the sodium ion concentration. This is 
shown also in Fig. 7 where the initial rate of exchange has been plotted against 
the mean sodium ion concentration in solution. 



Fic.. 7. — Sulphonated cross-linked polystyrene. Relationship between rate of exchange* 
and ion concentration at low Na‘^ ion concentrations. (Indicator method.) 
Air-dry particle diameter 300-400 ix. 

At low sodium ion concentrations there is a change in the sodium ion concen- 
tration as the reaction proceeds. It has however been found that the results 
are in agreement with the relationship 

d(Na)/d/ - K«{Na-]. 

where (Na) is the total amount of exchange, w the weight of resin, [Na ] Iht' 
sodium ion concentration in solution and K a constant. 

It will be seen from Fig. 4 that at low sodium ion concentrations the rate 
of exchange with particles of diameter 50-100 fx is about four times as gr^at as 
that with particles of diameter 300-400 (x. Thus, at low sodium ion concentra- 
tions the rate of exchange is approximately inversely proportional to the particle 
diameter. At high sodium ion concentrations no quantitative conclusions can 
be drawn from the present data, but it is apparent from Fig. 5 that exchange takes 
place more rapidly with the smaller particles. 

The indicator method cannot be used for the direct investigation of the effect 
of hydroxyl ion concentration on the rate of exchange, and the shallow -bed 
method was employed for this purpose (see Fig. 8) . 

Results obtained by the indicator method were confirmed in that, with NaCl 
solutions, the exchange rate was independent of sodium ion concentration 
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Fig. 8. — Sulphonatcd cruss-liiikecl polyst)rrene. Exchange kinetics at high Na"'* ion 
concentration. Air>dry particle diameter 300-400 |jl. 

A. Shallow-bed method. 2 N NaOH and i N NaOH solutions. Flow-rates 
15 cm./sec. and 30 cm. /sec. 

n. Shallow-bed method. 2 M NaCl and i M NaCl solutionb. Flow-rates 
15 cm./sec. and 30 cm./sec. 

c. Indicator method. Na+ ion concentration 2 M and i M. 



Fig. '9. — Cross-linked polymethacrylic acid. Exchange kinetics at high Na"** con- 
centrations. Air-dry particle diameter 250-380 ji. Flow-rate i cm./sec, 

A. Na+ concentration 2*2 M, OH~ concentration 0*2 M. 

B. ,, ,, 21 M, „ „ OT M. 

c. ,, 2*0 M, „ ,, 0*025 M. 
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above i M. In addition, it was shown that the rate of exchange increased with 
increase in hydroxyl ion concentration and was independent of hydroxyl ion 
concentration above i M. Variations in flow-rate from 15 cm./sec. to 30 cm./sec. 
did not affect the rate of exchange, but the shallow-bed technique using M NaCl 
gave faster rates of exchange than ^e indicator method. 

The results obtained with cross-linked polymethacrylic acid, using the shallow- 
bed method and keeping the flow-rate and Na^ concentration virtually constant, 
are given in Fig. 9. 

It will be seen that increase in hydroxyl ion concentration markedly increases 
the rate of exchange. 

Discussion 

Exchange Equilibria. — From the study of the exchange equilibria with 
sulphonated cross-linked polystyrene, we conclude that if the [Na+]/[H+] 
ratio in solution is greater than 100 the resin is fully ionized. It is not possible 
to say, on the present evidence, whether the resin is fully ionized at all 
values of [Na+]/[H+]. However, it is clear that the resin behaves as a 
fairly strong acid and only one type of grouping appears to be present. 

Consideration of the exchange equilibria of the polymethacrylic acid 
resin 

H+r + Na+s ^Na+R + H+s 
leads to the mass-action relation 


[H+k] [H+s] 


(I) 


activity coefficients being neglected. 

[Na+u] and [H+r] are the concentrations of Na+ ion and H+ ion in the 
resin in g. equiv./l. 

[Na+s] and [H+s] arc the concentrations of Na+ ion and H+ ion in the 
solution in g. equiv./l. is the relative affinity constant of sodium and 
hydrogen ions for the resin. By analogy with sulphonic acid resins, we may 
expect to have a value of from i to 2. 

In order to compare eqn. (i) with experimental data, we must have a 
relationship between [H+r] and the total concentration of carboxylic 
hydrogen on the resin. We may assume that 

~ 7 v. . . (.} 


[Na+s] 
[H+s] ' 


( 3 ) 


[Total carboxylic hydrogen] 
where K is a constant. This leads to the equation 

kk 

[Total carboxylic hydrogen] ^ 

It has been found that an equation of this type fits the experimental data 
quite well, with a value of 2*24 X lo"^ for KKj. 

Alternatively, the ionization of the resin may be assumed to follow the 
laws holding for dilute solutions. We then write 

[H+r][R 1 _ 


where [HR] and [R“l are the concentrations of unionized and ionized resin 
in g. equiv./l. may be expected to have a value of the same order 
(lo"* g. equiv./l.) as for the carboxylic group in simple compounds. 

From eqn. (i) and (4) and assuming electro-neutrality of the resin phase, 
the following relation may be derived : 


[Na+Kl = + I + 
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where x = [Na+s]/[H+s]. 

c =: total capacity of resin in g. equiv. per g. dry resin. 

a — volume of wet resin in l./g. dry resin. 

It is assumed that a is constant and independent of both [Na+s] and [H+s]. 
While large variations in the volume of the resin are observed, the effect 
is small considered in relation to the enormous variations in [Na+s]/[H+s]- 

Since Ki^i and [Na+R] only becomes significant for values of p^a+s]/ 

I H+s] greater than io», i/KiX is less than lO"® and may be neglected in 
comparison with unity. Therefore 

[Na+K] =--11^1^=* + ^ \ . . (6) 

Expressing the amount of sodium ion on the resin in g. equiv. per g. dry 
resin, we have 

[Na+R] = -t-4c}]“- • (?) 

From eqn. (5) we see that the amount of sodium taken up by the resin 
depends on the ratio [Na+s]/[H+s] and not on [Na+s] and [H+s] separately. 
As constants, eqn. (7) contains only the capacity c and the parameter 
aXiXg. 

This latter may be estimated. Ki =£i= i, Xg — io“®g. equiv./l. and since 
the density of the wet resin is approximately unity, a zoz 10“® l./g. Hence 
aKiK2 — io"« g. equiv./g. dry resin. Alternatively, a value for aK^K^ may 
be found from the experimental data. It may be shown from eqn. (7) that 
when y — 

^ = • 

This leads to a value of 1-05 x io“» g. equiv./g. for 

With c = 9*24 X lo"** g. equiv./l. and equiv./L, 

values of y were calculated for various values of log^^ [Na+s]/[H+s] using 
eqn. (7). The results are represented by the smooth curve in Fig. 3. The 
agreement between the calculated curve and the experimental points is 
good in view of the assumptions made. 

It is concluded that the behaviour of cross-linked polymethacr3dic acid is 
well-accounted for by assuming that only a small fraction of the carboxylic 
hydrogen is ionized. The exact relationships governing the degree of ioni- 
zation is a matter for further inve^igation. 

Exchange Kinetics. — Boyd, Adamson and Myers ^ have studied the rates 
of exchange of various cations on the phenolic resin, Amberlite IR-i. In 
their discussion they consider three mechanisms, each of which might be 
rate-controlling under appropriate conditions : 

(i) Diffusion of ions through a thin film of liquid surrounding the 
particles (or through liquid in macropores inside the particles). 

(ii) Diffusion of ions through the resin material itself. 

(iii) The chemical process of exchange. 

In the present work, if the chemical process of exchange were the sole 
rate-controlling process, the measured rate of exchange would be independent 
of the particle size. The fact that, both at high and low sodium ion con- 
centrations, the rate varied markedly with particle size would seem to 
rule out the chemical process as a major rate-controlling factor. 

If any type of film diffusion is a rate-controlling process, this is because, 
despite stirring, rapid flow or any other attempt to make the solution 
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homogeneous right up to the surface of the particle, there is a thin film 
inside which mixing is imperfect. (The film may also be due to cracks or 
macropores in the particle ; in this case, the rate of stirring will have 
practically no effect on the characteristics of the film.) 

If the diffusion of sodium ions across the film towards the resin is the 
sole rate-controlling process, the concentration of sodium ions at the inside 
boundary of the film will be virtually zero (owing to the diffusion of ions 
into the particle being very rapid in comparison). Hence the concentration 
gradient (and the diffusion rate) of sodium ions across the film will be 
proportional to the concentration of sodium ions in solution. To a first 
approximation, the film thickness may be assumed to be independent of 
particle size. The rate of exchange will then be inversely proportional to 
the particle diameter (provided macropores play a negligible part in film 
diffusion) since the surface area per particle is proportional to the square 
of the diameter and the capacity is proportional to the cube of the diameter. 

It is probable that the diffusion rates of sodium and hydrogen ions within 
the resin particle are largely coupled, owing to the powerful electrostatic 
forces which oppose the entry of anions and also any variation of the total 
cation concentration in the resin. We may therefore speak of diffusion of 
ions within the resin being the rate-controlling process without specifying 
sodium or hydrogen ions separately. If diffusion of ions within the resin 
is the sole rate-controlling prcTcess, this means that the effect of film diffusion 
has been eliminated and the surface of the resin is in equilibrium with the 
bulk of the solution. Since in all the prCvSent work with sulphonated poly- 
styrene, the [Na+]/[H+] ratio in the solution was at least 10^, the surface 
of the resin will be saturated with sodium ions. Hence diffusion of sodium 
ions into the interior of the resin particle will occur from a constant surface 
concentration which is independent of the sodium ion concentration in the 
solution. Hence the rate of exchange will be independent of the sodium ion 
concentration in the solution. 

If diffusion of hydrogen ions through the film away from the resin is the 
sole rate-controlling process, the rate of exchange will be independent of 
sodium ion concentration but will be dependent on the hydroxyl ion con- 
centration of the solution. Hydroxyl ions will diffuse towards the surface 
of the particle and will neutralize hydrogen ions in the film thus increasing 
the rate of removal of hydrogen ions. 

The results obtained at low sodium ion concentrations (< o*i M) show 
exactly the characteristics expected if film diffusion of the sodium ions is the 
rate-controlling process. At high sodium ion concentrations, the rate is 
independent of sodium ion concentration and hence the rate-controlling 
process might be either the diffusion of ions within the particle or the diffusion 
of hydrogen ions across the film or both. However, Fig. 8 shows that, using 
the shallow-bed technique, increase in the hydroxyl ion concentration from 
zero to I M increased the exchange rate while a further increase to 2 M had 
no effect. Hence we may conclude that with M or 2 M NaCl solutions the film 
diffusion of hydrogen ions is rate controlling, while with N or 2 N NaOH 
solutions diffusion of ions within the particle is the sole rate-controlling 
process. The diffusion coefficients of sodium, hydrogen and hydroxyl ions 
are of the same order. Similar concentrations (i M) of hydroxyl or sodium 
ions in solution are therefore likely to be required to eliminate film diffusion 
of hydrogen and sodium ions as rate-controlling processes. 

No satisfactory explanation can be given for the observation that with 
the shallow-bed method increase in the flow-rate from 15 to 30 cm./sec. 
failed to increase the rate of exchange with NaCl solutions. The fact that 
at low sodium ion concentrations the rate was inversely proportional to 
particle diameter appears to preclude the possibility of macropores playing 
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an appreciable part in film diffusion. We can only suppose that owing to 
the highly turbulent nature of the flow in our experiments the effective 
film thickness was not altered by the apparent flow-rate. 

We consider now in more detail the way in which, at high Na+ concen- 
trations and virtually zero 0 H~ concentrations, the rate of diffusion of 
hydrogen ions through the film controls the exchange process. This rate of 
diffusion is initially zero but increases progressively as the concentration of 
hydrogen ions outside the particle surface builds up. However, long before 
the rate of hydrogen ion film diffusion becomes equ^ to the rate of diffusion 
of ions within the resin, the ratio [Na+]/[H+] in the solution immediately 
outside the particle surface will have fallen appreciably, causing a decrease 
in the concentration of Na+ ions inside the particle surface. Hence the rate 
of diffusion of ions within the particle will decrease. 

When we consider the rate of Na~H exchange with the polymethacrylic 
acid resin, it is apparent that the film diffusion of hydrogen ions will be 
much more important than with sulphonated polystyrene resins, owing to 
the much larger [Na+]/[H+] ratio (lo®) in the solution necessary to maintain 
the surface of the resin particle saturated with sodium ions. The results 
(Fig. 9) confirm this expectation. 

In conclusion, it appears that for the diffusion of ions within the resin 
to be the rate-controlUng process, it is necessary to have in solution high 
concentrations of both Na+ and OH” ions. 

The work described above has been carried out as part of the research 
programme of the Chemical Research Laboratory and this paper is published 
by permission of the Director of the Laboratory. The authors wish to thank 
their colleagues on the staff of the Chemical Research Laboratory for advice 
and assistance. 
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CATION EXCHANGE WITH A SYNTHETIC 
PHENOLSULPHONATE RESIN 

Part V. Kinetics 

By T. R. E. Kressman and J. A. Kitchener 
Received iith July, 1949 

A study has been made of the kinetics of exchange between solutions of various 
simple inorganic and substituted quaternary ammonium salts and the ammonium 
form of the sulphonated phenol-formaldehyde resin for which equilibrium measure- 
ments have been reported elsewhere. 

Two mechanisms are observed, where the rate is controlled by diffusion in the 
particles of the exchanger (P-mechanism) and in the bounding Nernst film (F-mechanism) 
respectively. These are distinguished by the form of the kinetics, by interruption tests 
and by the influence of stirring. The factors that decide which mechanism applies in 
a given system are discussed. 

Measurements of the influence of temperature suggest that so long as the cation is 
small compared with the pores of the resin (e.g., Na+ and NMe4+ with the present resin) 
the energy of activation for diffusion is ca. 5 kcal./mole as for free diffusion in water. 
I.arger ions, which have difficulty in penetrating, show a higher value, e.g., 8 kcal./mole 
with PhNMe2CH,Ph+. 

Exchange occurs readily between a granular resin and a finely divided resin in 
suspension, proving that soluble anions are not needed to release cations from the 
resin. The high mobility of the cations is consistent with a diffuse double-layer model. 
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The potentialities of ion exchange separation techniques can be fully 
exploited only if consideration is given to both equilibrium and kinetic 
aspects. These are largely independent and they differ with different ion 
exchangers even though the exchange groups may be the same. There 
is no simple relationship between affinities and rates of exchange for a series 
of ions, although with the phenolsulphonate resin used in the present study 
the rate gener^y decreases as the affinity increases. 

The possibilities of separations based on differences of rates of exchange 
have not yet been fully explored. Fig. i shows an example where such an 
effect might be employed : the concentrations of H+, NH4+ and NEt4'^ 
in a solution (initially equimolar with respect to NH4+ and NEt4+) are 
shown during the course of an exchange experiment with a H-resin (contain- 
ing -SOg"" groups) in a stirred system. It is seen that the equilibrium 
affinity of NEt4+ for the resin is greater than that of NH4+ but the rate 
of exchange is greater for the NH4+ ion. If the experiment were stopped 
after 2 or 3 min. the solution would be relatively enriched in NEt4+, but at 
equilibrium the reverse would apply. 
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Both equilibria and kinetics for a series of ions depend very greatly on the 
structure of the solid exchanger. The equilibrium relationships for a 
phenolsulphonate resin similar to Zeo-Karb 215 have already been described 
elsewhere in Parts I-IV of this series of papers.^ The present paper describes 
studies of the kinetics of exchange with the same resin. 

Experiments and Results 

Materials. — The sample of resin was taken from the same batch of H-resin 
as that used in earlier studies.^ The general technique of converting the material 
to the salt form and of determining the equivalent weights, air drying, etc., is 
the same as described there. With the exception of the experiments illustrated 
in Fig. I, where the H-form of the resin was used, the NH4-form was used through- 
out the work and, after preparing it from the H-resin, it was air-dried and sieved 
— 10 -f 22 mesh. 

Two samples were sieved out and all the results except those illustrated in 
Fig. 8 were obtained with one of these samples. Those in Fig. 8 were obtained 
with the second sample and, although the resin granules were also — 10 -h 22 
mesh, a larger fraction of the larger mesh size was present, and the velocity of 
exchange is thus somewhat lower with this sample than with the first. 


Kressman and Kitchener, /. Chem. Soc., 1949, 1190. 
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111 the series of experiments illustrated in Fig. i the H-form of the resin was 
used and, because of its slight instability, ^ it was prepared by thoroughly washing 
the free acid from a sample taken from the main batch, air-drying rapidly and 
sieving — lo +22 mesh ; it was then used immediately. In this way the experi- 
ments were completed before the H-resin had begun to hydrolyze. 

Determination of Effective Sphere Radius of the Swollen Resin 
Granules. — A large number of particles — of the order of 500 — were counted, 
allowed to swell in water, the water removed and the resin granules mopped 
between filter papers until the surface moisture had been removed. The swollen 
granules were then weighed. The density of the swollen granules was determined 
with the aid of a density bottle in the usual way. The effective sphere radius y 
of the sw^ollen granules is calculated from 

4/3 • W , 

where p is the density of the swollen resin, .V the number of granules aiul U’ the 
weight of the N granules. 



Section at X K 

Fig. 2. 


The first sample of NH 4-resin, which was used for the majority of the work 
(see under Materials), was found in this way to have an effective sphere radius 
of 0*446 mm. ; and the second sample, used for the experiments illustrated in 
Fig. 8, an effective sphere radius of 0*517 mm. The density of the swollen 
granules was 1*33 g./cm.^ 

Determination of Exchange Velocity. — The limited bath method was used 
throughout the work and not the column technique with infinite bath as used 
by Boyd ei al.^ The essential requirements in such heterogeneous studies of 
standardized vigorous agitation and the necessity of starting and stopping the 
reaction sharply, were achieved by using a centrifugal type of stirrer as shown 
in Fig. 2 a. The resin was placed in the wire-gauze cage and as the stirrer rotated 
in the solution, a very rapid stream of the solution passed over the resin, which 
was forced into a roughly cylindrical “ w^all " on the inside of the cage (see 
Fig. 2 h). 

The constancy of speed of rotation of the stirrer was followed stroboscopically. 
By using several stroboscope discs constant speeds of rotation from 300 rev. /min. 
at intervals to 1200 rev. /min. were attained. The reaction was started by 
lowering the already rotating stirrer, with the resin in the cage, into the solution ; 
and it was stopped after the appropriate interval of time by raising it, still rotat- 

® Boyd, Adamson and Myers, J. Amer. Chem. Soc., 1947, 2836. 
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ing, out of the solution. An aliquot portion of the solution was then analyzed 
for NH4+ or H+ as appropriate. Temperatures between 14" and 45® C were 
thermostatically controlled to within ± 0*2° ; outside this range the limits were 
Jz 0-5°. 

The weight of resin taken in every run was such that it contained 2-5 m.equix'. 
of exchangeable cation, and 2*5 m.equiv. of the other cation were also present in 
the aqueous phase in the form of 125 ml. 0-02 N solution. 

Fig. 3 shows that the mixing is at a maximum when the speed of rotation 
is between 1000 and 1100 rev. /min. ; higher speeds caused entrainment of air 
and, accordingly, an apparent decrease in velocity. The speed of rotation was, 
therefore, standardized at 1000 rev. /min. throughout the work. 

Influence of Agitation. — Fig. 3 shows how the time for half -change 
<lepends upon the speed of rotation of the stirrer for two systems, NH4R -f NaCl 
and NH4R — NEt4Br respectively. The time for half-change in the first system 



I'lG. 3.--Elfect of stirring on the time for half-change. 

1. C entrifugal stirrer, Xa+. 

2. Centrifugal stirrer, XKt^ 

3. Class stirrer, NKt4**‘. 

decreases as the speed of rotation is increased, approaching a minimum at looo 
rev. /min. when the stationary liquid film surrounding the particles has reached 
a minimum. (Above about 1100 rev. /min. entrainment of air occurs and erratic 
results are consequently obtained.) No greater velocity was obtained even when 
the solution was circulated over the resin (in the form of a shallow bed) extremely 
rapidly by means of a pump. 

The time for half -change in the NEt4 ' system is also practically at a minimum 
at looo rev. /min. but, unlike the Na^ system, it remains at a minimum at speeds 
down to 750 rev. /min. and only then, when very little relative motion of solid 
and liquid is occurring, does it begin to increase. 

Fig. 3 also shows a curv^e obtained in the NEt4+ system with a simple bent 
glass-rod stirrer (Fig. 2c). This stirrer is seen to be more efficient at slower 
speeds of rotation but at higher speeds the centrifugal stirrer results in a thinner 
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liquid film than does the simple stirrer. Evidently, so long as the glass stirrer 
keeps the particles in suspension, increased agitation has an immeasurable 
effect upon the thickness of the liquid film. 


Preparation of NEti-resin in Fine Suspension. — series of rate experi- 
ments was carried out in which no soluble anions whatever were present in the 
system, the exchange occurring between the ordinary NH 4- resin and a fine 
aqueous suspension of NEt4-resin. This suspension was prepared by milling 
well-washed NEt4-resin with water. 

A sample of H-resin was washed free of acid and converted to the NEt 4-form 
with a solution of NEt4Br. The rate of reaction is considerably less than witli 
ammonium chloride and a lower rate of flow was accordingly used, and a greater 
volume of solution was found necessary to remove the whole of the exchangeable 
hydrogen ions from the resin. The resin — about 40 g. — was thoroughly washed 
to remove all traces of electrolytes and then ground in a laboratory porcelain 
ball mill for about 24 hr. with about 1 1. water. The milky suspension so obtained 
was allowed to settle for about i hr. and the liquid decanted. This consisted 
of a suspension of the finest particles, the largest of which were of the order of 
I (x diam. It was adjusted by dilution to contain 0-02 equiv. of exchangeable 
NEt4+ per 1. of suspension, as indicated by a Kjeldahl nitrogen determination. 

Care was taken w^hen using this sus- 
pension to ensure that homogeneous 
samples were taken from it. It was 
vigorously shaken just prior to, and 
kept gently agitated during, tlie re- 
moval of the sample. Tlie NH 4-resin 
was washed with water before each 
run was started to remov e any traces 
of electrolytes which might be con- 
taminating it. 

The velocity determination with 
this suspension was carried out 
exactly as with the aqueous salt 
solutions. The results obtained are 
shown in Fig. 5, curve 10, and Fig. 
II, curve 6, and graphs of against /I for the NEt 4-resin suspension and for 

NEt4Br indicate that the apparent rate constants are in the ratio of 0-74/1. 


OH NHg 



Fig. 4. — Anion of Chlorazol Sky Blue FFS. 


Preparation of the Salts of Chlorazol Sky Blue FFS. — The sodium 
salt was prepared from the crude dye by dissolving it in water and salting-out 
with sodium acetate. This was repeated three times. Adhering sodium acetate 
was finally removed by washing repeatedly with alcohol. The purified product 
was dried at 100® C. 

The NEt4-salt was prepared in solution from NEt40H and the pure dye acid. 
I'he NEt40H was prepared in known concentration (about 0-2 N) by adding 
excess moist silver oxide to a solution of NEt4Br and filtering. The dye acid 
was prepared from the pure sodium salt by passing quantitatively a dilute 
solution (about o-oi N) containing 4-96 g. of the salt through a 100 ml. column of 
Zeo-Karb 215 (The Permutit Co., Ltd.) containing exchangeable hydrogen ions. 
The solution was then evaporated on the water bath until its concentration was 
of the order of 0*03 N, cooled and “titrated” with the NEt40H to pH 7, using 
a pH meter. The quantity of NEt40H required was exactly that calculated from 
its known concentration. The solution of the NEt4-dye salt was then 
diluted to i 1. 

In the runs with the dye salts, as in those with the NEt 4-resin su.spension, 
the resin was washed with water before each run was started, to remove traces 
of electrolytes. ' 


Velocity with Different Cations. — Since the equilibrium positions are very 
different with the various cations, and since only the kinetics are at present 
being considered, the extent of exchange at time / is expressed as QtlQao> » 
the fraction of the amount of exchange occurring at time t to that occurring at 
equilibrium. Fig. 5 shows the graphs of QtIQao against t for a number of different 
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cations at 25® C. The same results are plotted in Fig. 6 as — logic (i— QtlQo») 
against t and QJQ^ against for analysis of mechanism — see below. 

Influence of Temperature. — -The activation energies of the exchange 
reactions were determined from velocity measurements at several temperatures 
with the NH 4-resin and, respectively, Na^, NMci^ and PhNMejCH^Ph^*. 



Fig. 5. — Rate of exchange between NH^-rcsin and various cations at 25° C. 

1. K+ (chloride). 

2. Na+ O chloride, x interrupted, A Chlorazul Sky Blue salt. 

3. Li+ (chloride). 

4. Mg + + and Ba++, O chloride, A MgSO^. 

5. NMe4‘'‘ (bromide). 

(). A 1 + + + (chloride). 

7. NEt4+ (bromide), 

8. NEtj"*" (bromide) interrupted at 5 min. for 30 min. 

9. NMe8.w-Amyl+ (bromide). 

10. PhNMe-Et^ (bromide) and NEt^-resin suspension. 

11. Th+ + + + (nitrate). 

12. Th'^"^ (nitrate) interrupted at 2*5 min. for 20 min. 

13. PhNMe8CH2Ph+ (chloride). 


The results are shown in Fig. 7, 8, and 9, where they are plotted in terms of 
— logio(i “ QtIQa,) against t, and Qt/Q^ against ^ as appropriate. The 
logarithms of the limiting slopes of the lines so obtained are plotted against the 
reciprocals of the absolute temperature in Fig. 10. The values for the activation 
energies given in Table I are obtained from the slopes of these straight lines. 

TABLE I 


Cation 


Na+ (P) 
Na+ (F) 
NMe4+ 

PhNMejCHjPh 




Temperature 

range 

Activation energy 
kcal./mole 

2°-I4*8° I 

. 5*1 

25'^45*7° 

5*0 


. 5-1 

25‘’-5o° 

8-2 
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Discussion 

The structure of the phenolsulphonate exchange resin is a three-dimensional 
rigid network resembling a sponge and containing five -SO3 groups to every 
seven phenol residues (see Part I).^ The cations are highly mobile inside the 
water-filled interstices, and form a Gouy diffuse double layer round each resin 
granule. 

Consequently, cation exchange does not involve any “ chemical " step, 
since no covalent bond has to be broken, and the rate of exchange depends 
simply on one or more of a series of consecutive transport steps — namely, 
forced convection of the fluid, diffusion through the unmixed boundary 



Fig. 6 . — Tests 

1. K + . 

2. Li + . 

3. Af< + . 

4. Mf'++ and 

0. A 1 + + +. 



mechanism. 

7. Na+(25"). 

8. NMC4 + . 

9. NEt4+. 

10. NMe3.7?-Amy] 

11. PhNMegEt'*’ and 

NEt 4-resin suspension. 

12. Th+ + + +. 

13. PliNMegCHaPh^ 


layer and diffusion inside the particles. As Boyd et al.^ have shown, three 
possible types of kinetics may therefore be encountered in a practical, 
<lynarnic exchange process : 

(i) Diffusion in the boundary liquid film is rate-determining 
(F-mechanism) . 

(ii) Diffusion in the solid particle is rate-determining (P-mechanism). 

(iii) In an intermediate region the rate is influenced by diffusional 
resistances in both phases (/-mechanism). 

The factors that may decide which mechanism applies in a given system are 
(i) particle size, (2) degree of agitation of the solution, (3) diffusion coefficients 
of the ions in the solution and inside the resin particles, (4) temperature, 
(5) the equilibrium distribution coefficient and (6) solution concentra- 
tion. Variation of any one of these factors may produce a change of 
niechanism. For example, Boyd et a/.* have shown that the Na+-K+ exchange 
(under their conditions of experiment) is F at o-ooi M ionic strength, I at 
0*01 M and P at o-i M. 
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Criteria for Distinguishing Mechanisms. 

(a) Influence of Stirring.—The rate increases with the degree of mixing 
of the liquid as long as the F- or /-mechanisms are rate-controlling, whereas 
with P-mechanism it should be independent. With increasing speed of 
rotation of a given stirrer, a maximum exchange rate may be reached, 
beyond which the rate may remain constant or even decrease (Fig. 3). Only 
exceptionally does such a maximum indicate the point where /-mechanism 
gives place to P. More usually, the rate reaches a limit for hydrod5mamical 
reasons, the stirrer having reached its limiting efficiency for mixing, and it 
may still be possible to achieve faster rates of exchange by using a different 
type of stirrer (Fig. 3). 

However, in border-line cases a change of mechanism may sometimes be 
detected by the influence of stirring — ^notably, when a maximum exchange 
rate is reached in the stirring range slower than the known hydrodynamical 
limit. The exchange with NEt4+ in Fig. 3 provides an instance of this. 




(a) (6) 

Fig. 7. — Influence of temperature, Na"*^. 


1. 2*0° C 4. 25*0® C O Chloride 

2. 8*4® 5. 34*8® X interrupted 

3. 14*8® 6. 45 * 7 ° A Chlorazol Sky Blue salt 


(6) Form of the Kinetics. — (i) Film Diffusion (P-mechanism). — ^The 
well-known Nernst static diffusion ffim theory is clearly only a crude approxi- 
mation for the complex situation which exists near an irregular solid surface 
in a stirred liquid ; in particular, the thickness ” of such a layer is a 
mathematical fiction which has proved of little use since this quantity 
must usually be deduced from the kinetics (not vice versa), and its 
dependence on stirring, temperature, viscosity, etc., is problematical. Only 
in a few idealized cases has it been possible to calculate the diffusional 
transport up to a body in a stirred liquid.® However, the Nernst layer 
approximation is useful for treating the kinetics of exchange under fixed 
conditions of stirring and temperature.® 

In the present system, let Qo be the number of milli-equivalents of the 
pure A+ form of the resin, which at time ^ = o is brought into contact 
with V ml. solution containing milli-equivalents of a salt of the cation B+. 
Suppose the resin consists of n particles of mean equivalent sphere radius r, 

®Levich, Acta Physicochim, 1942, 17, 257; 1944, 19, 117, 133; Faraday Soc, 
Discussions, 1947, 1, 37. 

D 
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and that the effective Nemst diffusion layer thickness is 8. Let the amount 
of exchange which has occurred after time t be Qt (milli-equivalents). The 
diffusion process taking place in the Nemst layer is essentially a cation 
exchange at constant ionic strength. The rate is therefore proportional 
to the gradient of concentration of A+ (or B+) ; let Dl be the Pick's law 
diffusion coefficient for the inter-diffusion of A+ and under these conditions. 

After time t the concentration of A + on the outer side of the Nemst layer 
is QtjV, The concentration of A+ at the surface of the particle is more 
difficult to estimate. Boyd et al.^ took this as the concentration which would 
be found in a solution in equilibrium with the prevailing resin composition. 
Under their conditions this was simply proportional to the [A^ ] in the resin, 
but under the present conditions it would be necessary to introduce the 
mass action equilibrium constant 

(sc‘(' Part I)/ and the resulting kinetics would be mathematically very 
complicated. 
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Fig. 8.— Influence of temperature, 

1. 6o*6° C 4. 12*6® C 

2. 41*3“ 5- 1-2® 

3. 25*0® 

However, it will be shown that the cations in the exchanger are highly 
mobile ; there seems therefore to be no reason to distinguish between free '' 
jind bound " cations in the resin phase — at least for simple inorganic 
cations. Further, the number of cations present at the outer surface of the 
particles as gegenions to the -SOg”" groups far exceeds those present as 
soluble electrolyte from the solution phase since soluble anions are largely 
repelled by the opposing zeta potential.^ Consequently, the number of A"^ 
ions which are free to participate in diffusion away from the surface of the 
sphere at any instant is simply proportional to the number present in the 
resin : let it ^ put equal to k'(Qo — Qt)- 

* See, for example, Verweg and Overbeek, Theory of the Stability of Lvophobic Colloids, 
(Elsevier, 1948), p. 31. 
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Application of Pick’s law to the Ncmst layer (the diffusion gradient being 
assumed linear) gives 


dQt __ Ih 

At " 8 


A'((?o -(?.)-■ 


Qi 

V 


Integration leads finallv to the equation 

In ( I - ‘J- 

0. ' 0., 


~ ^ ht , 


where is the amount of A * which has passed into th(j solution when 
(-(juilibrium has been reached, and k is a constant, equal to Dk'j^, 

This equation is of the same form as that obtained by Boyd et al? (for an 
inlinite bath), which was found to fit the kinetics of their Na+-K^ exchange 
in dilute solutions at least up to Qt\Q^ — 0*4. In the present work the 
equation fits the kinetics well in appropriate cases (see Fig. 6 a and 7 h). 
For example, the NH4 ' -Na+ exchange at 25^ C fits accurately from 
QiiQoo ™ o up to at least — 0*9. Other cases which conform to these 

kinetics include Ag+, K+, Li^", Mg Ba+ *', A 1 + ^ ^ . 



Fig. 9.— Influence of temperature, PliNMeat^H^Ph^. 

I. 25-0° C 2. 36-5® C 3- 50-0® C 


(ii) l^AKTiCLE Diffusion (/^-mechanism). - Assuming the solution 
effectively uniform up to the particle surface and the rate controlled by 
radial diffusion inwards with a constant diffusion coefficient, the kinetics of 
the P-mechanism should be formally similar to those for conduction of heat 
into a sphere from a well-stirred bath. Boyd et al^ have successfully applied 
the well-known theory for conduction of heat into a sphere from an infinite 
bath. The corresponding theory for a limited bath is given by Carslaw and 
Jaeger.^ The form of their solution, however, is less convenient than that 
of an alternative solution recently given by Paterson/ viz., 

a e“^'^ (i -f erf a \/t) — p (i A f^i'f P V^) 


* Carslaw and Jaeger, Conduction of Heal in Solids (Oxford Univ. 1947), pp. S3,. 

201. 

* Paterson, Proc, Physic. Soc., 1947, 59» 5^* 


ft ^ '<W 4- 1 I j _ I I 

<?« W j a — jj' 
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where t -- , x being the thermal diilusivity ; and a and p are the 

roots of the equation 

~ o 

and w is (heat capacity of the sphere)/(heat capacity of the bath). This 
solution is valid up to t = o*i which, in practice, covers most of the process 
(e.g., up to QtlQ^ = 0-84, when w = i). 

In attempting to apply Paterson's solution to the ion-exchange process 
with, e.g., NEt4+ and NH4-resin, x is identified with the cation-exchange 
diffusion coefficient inside the resin {Dp), and Qt/Q„ with the ratio (NH4+ 
out in time /)/(NH4+ out at equilibrium), and w with the ratio (NEt4+ in 



Fig. 10, — Activation energy data. 

1. Na"^ (P). 4. Na+ (F) (—0*5 added to vertical 

2. NMe4+. scale). 

3. Diffusion coefficient data for NaCl 5. PhNMe2.CH2Ph+. 

in water. ^ 


resin at equil.)/(NEt4+ in solution at equil.). From the value of w, ol and p 
can be calculated and a graph of Qt/Q^ as a function of t can be computed. 
Since 

T = (Dplr% 

the best value of {Dpjr^) can be found to fit the theoretical curve to the 
experimental points (provided, of course, the theory gives the correct form 
of the kinetics) ; hence, r being determined independently, a value of Dp 
can be obtained. 

The attempt to fit the equation in this way to the data in Fig. ii did not 
lead to satisfactory agreement : when experiment and theory were fitted 
Q^IQ^ = ffie deviations were always in the sense that the equation 
predicted a more rapid reaction initially than in fact occurred. Barrer * 

^ Int. Crit. Tables, Vol. 5. 

® Barrer, Trans, Faraday Soc„ 1949, 45, 358. 
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has recently discussed possible causes for deviations in the somewhat 
analogous system of gas sorption by zeolites. Lack of conformity in the 
present system could be due to (i) slow swelling of the initially dry resin, 
and (2) change of diffusion coefficient with resin composition. (Curiously 
enough, good agreement was obtained when w was taken as (NH4+ in resin 
at equii.)/(NH4+ in solution at equil.) ; the lines in Fig. ii were obtained 
in this way. The significance, if any, of this is not clear.) 

Barrer ® has shown that Paterson's solution, like the well-known one 
for diffusion into a sphere from an infinite bath, approximates to a 
/i-relation for small values of QiIQ^q* the limiting expression being 

Qt _ 6 Qo IDI 
Q. ^ Qo-Q^ Vtt* 

However, examination of such graphs shows that whereas the line for an 
infinite bath is within 2 % of linear up to about Qi/Q^ ~ 0-5, the linear 
range becomes progressively shorter as the bath becomes more limited. 
Thus, at — I the graph is linear only within 4 % up to QtlQ^ = 0*25. 
(Consequently, in testing for P-mechanism by this method of plotting the 
data, a straight line is to be expected only at small values of Fig. b h 

and 7 a show examples of exchange 
reactions which conform approxi- 
mately to these expectations. Values 
for the nominal diffusion coefficients 
obtained from tlu‘se graphs are given 
in Table II. 

The graph is used as the lirst test 
for P-mechanism. It is fortunate 
that the P- and P-kinetics are 
sufficiently different in form to be 
distinguished readily by confonnity 
to either log (i — QijQ^) against / or Qt/Q^ against graphs respectively. 
Fig. 6 (curves 5 and 7) shows how data which fit one are clearly excluded 
from fitting the other. 

(iii) Intermediate (/-mechanism). — ^The full kinetics of the /-process, 
transitional between F- and P-, have not yet been worked out for a limited 
bath. The analogous problem of heat conduction into a composite sphere 
has been solved for the case', of a constant surface temperature. ** However, 
the algebra is already very complicated, and with a finite bath would be 
much more so. Crank and Godson have obtained approximate numerical 
solutions for certain cases of composite infinite cylinders in a limited bath 
using the method of finite differences. The same method could be used for 
the pre.sent problem, but it would be necc'ssary to have more explicit know- 
ledge of the constant k' in the P-kinctics theory than is at present available. 

The only example of what appears to be /-mechanism encountered in the 
present work is the Na+-~NH4^ exchange within the range i5'"-25'' C, the 
kinetics at 25*^, 35° and 46"’ fitting /wnechanism and tho.se at 15'’, 8^ and 2° 
fitting P-mcchanism. 

(c) Interruption tests provide a simple criterion for the existence 
of a large concentration gradient inside the particles, thus differentiating 
P- or /-mechanism from P. In the present work such tests have, in every 
case where applied, confirmed the mechanisms already suggested from the 

** Carslaw and Jaeger, ref. 5, p. 288. 

Crank and Godson, Phil. Mag., 1947 . 3 ®. 794 * 

Kiinin and Myers, /. Physic. Chem., 1947, 51, nii. 


TABi.K Tf 

Diffusion c'oefficients at 25^* C 


('ation 

D/.(cm.-sec.*^ 

NMe 4 + 1 

2*4 

NEtj + 

0-5 

NMCj./j-Amyl i 

‘>•3 

PhNMc,Et+ i 

0*1 

PhNMe,CHjPh + ; 

0*00C) 


X 10®) 
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form of the kinetics. Thus, the Na+-NH4+ exchange at 25° gives 
F-kinetics and shows no discontinuity on interruption (Fig. 7, cur\^e 4) 
whereas Na“^'-NH4+ at 2"*, and NMe4+ and NEt4+-NH4+ at 25° ^ve 
P-kinetics and show a large discontinuity in the expected direction. Like- 
wise Th^"^ +-NH4+ gives P-kinetics and shows a similar discontinuity 
on interruption (set* Fig. 5, curves 8 and 12). 

[d) Temperature coefficient might be expected to afford a criterion 
of mechanism, since the temperature coefficient for diffusion through the 
solid might reasonably be supposed to be distinctly higher than for free 
diffusion in solution. This is certainly the case with large molecules such 
as dyes ptnetrating into fibn^s, where the a('tivation energy is about 



1. Na-* 5. PliNMeal!:t+ 2^^ C 

2. NMe^^ 25-’ C o. NTCt^-resiti suspension 25° C 

3. NEtp 23- C. O bromide 7. PIiNMe/ lTaPh ' 23° E ‘ 

rj Clilorazol Sky Blue salt 
NMe-j.-^j-ainyl 25° C 


10-30 kcal,/mole,^2 whereas that for diffusion of most salts in water is about 
5 kcal./mole.^ Similarly, Boyd et al^ found 4 kcal./mole for Na^" 
(F-mcchanism) and 8 kcd./mole for P-mechanism with Amberlite IR-i. 

Table I shows values of the energy of activation for several exchange 
reactions studied in the present work (see also Fig. 10). The exchange 
between NH4-resin and Na+ at 25°--46° (F-) shows the expected value of 
about 5, but it is remarkable that both Na+ at (P-) and NMe4+ (P-) 

have the same low value. A high value of 8*2 kcal./mole is found for 
PhNMegCHgPh"^'. This is the largest ion yet studied which is capable of 

See, e.g., Speakman and Smitli, J. Soc. Dyers Col., 193O, 5a. 121. Garvie, Griftiths 
and Neale, Trans. Faraday Soc., 1934, 3 ®* 271. 
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|)enetrating and reaching all the exchanging sites in this resin and it seems 
likely that the higher activation energy is a consequence of the steric 
difficulty which it experiences in moving through the molecular pores of the 
resin. On the other hand, the smaller ions showing P-mechanism evidently 
do not experience any such " walheffect and move simply through the 
water which fills the pores. 

It is not invariably true that diffusion in solids requires large energies 
of activation, and results in agreement with the present picture have been 
obtained by other workers. The high value with fibres may reflect distortion 
of a flexible macromolecular structure by the dye molecule. With rigid 
porous solids, the activation energy for the diffusion of molecules smaller 
than the pores may be almost normal for an aqueous medium. For 
example, Tiselius found 5-4 kcal./mole for the diffusion of water normal 
to the (201) face in the zeolite, heulandite. On the other hand, diffusion 
normal to the (001) face required q-i kcal/mole ; presumably the interstitial 
holes in this direction are much smaller, and of about the same size as the 
water molecule. Diffusion of salts in 2 % agar gels shows the same 
temperature coefficient as for free diffusion in aqueous solution.*^ 

Role of the Anion. — ^To preserve electro-neutrality, the ions leaving 
the resin must be replaced by others of the same total charge. If the ions 
were bound to specific sites 'the situation might arise where the rate of 
dissociation from sites was the factor limiting the rate of exchange, and 
it might lhe‘n be necessary to provide extra (soluble) anions by diflusioii of 
salt from the ambient solution into the interstices of the resin before rapid 
cation exchange could take place. 

This possibility was studied by the experiments (recorded above) in which 
the anion was provided by the dye Chlorazol Sky Blue FFS, which is found 
to diffuse extremely slowly and to an extremely small extent into the resin. 
With both Na ^ and NEt4+ the rate of exchange was the same as with the 
simple halide salts (see Fig. 5, curve 2 ; Fig. 7, curve 4 ; Fig. ii, curve 3), 
indicating that it is not necessary to hav(‘ soluble anions within the pores 
for exchange to occur rapidly. 

The high mobility of the cations alone is proved conclusively by the 
experiment with finely divided NEt4-re.sin suspension in place of NEt4Br 
solution. This suspiuision exchanges ( at ions with normal NH4-resin grains 
almost as rapidly as does the homogeneous salt solution, the apparent rate 
( onstants being in the ratio of 074/1 (cf. Fig. 5, curves 7 and 10), proving 
I hat soluble anions play no significant part at all in the kinetics of cation 
exchange, at least with the resinous exchanger studied here. 

In this experiment the process starts with the interpenetration of the 
Gouy diffuse double layers of the large grains with those of the small 
suspended particles. At the very low ionic strengths prevailing, the double 
layers spread so far from the microscopic particles that the cation distribu- 
tion in the liquid is similar to that in a true salt solution. Consequently, 
the outside part of the double layer from the large granules can mix rapidly 
with the cations of the suspension, leaving diffusion of cations within the 
pores of the resin as the rate-controlling process, as it is with the ordinaiy^ 
salt solution. A similar process no doubt occurs m normal exchanges with 
soluble salts — the soluble cations exchange first with the resin cations in the 
outer diffuse double layer, thus setting up a concentration gradient within 
the pores which is eliminated by ordinary diffusion, this latter process 
requiring no soluble anions. 


Tiselius, Z, physik, Chem. A, i934» 4^5 : i935* * 74 . ^ 01 . 
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II. The Determination of Thermodynamic Equilibrium 

Constants 

By J. F. Duncan and B. A. J. Listkk 
Received 13//^ Jtdy, 1949 

A critical examination of the postulates used by different author.s to evaluate the 
activities of ions in an exchanger is given and an experimental test is made using the 
barium-hydrogen and lanthanum-ammonium exchange systems. It is shown that the 
assumption that the activities in the exchanger are proportional to the molar concentra- 
tions (in arbitrary units) gives an approximately constant value for the mass product, 
but even on this postulate the mass product varies by about 50 %, rising to a maximum 
at an equivalent fraction of about ^ for the multivalent ion in the exchanger. It is 
suggested that the activities in the exchanger have been wrongly evaluated because of 
the influence of some secondary process, such as adsorption, solution of ions in the 
exchanger or swelling of the resin. 


Tn this paper the following symbols have been used : 

a, thermodynamic activity. 

Kg, thermodynamic equilibrium constant. 
c, molar concentration. 

X, molar fraction. 

C, equivalent concentration. 

.Y, equivalent fraction, defined as the ratio of the number of equivalents of 
a given cation to the total number of equivalents of all cations in the 
same phase. 
fi, number of moles. 

Suffixes have been used to indicate the ion and the particular phase to 
which reference is made, thus 

the molar fraction of barium ions in the resinous exchanger, 
is the thermodynamic activity of hydrogen ions in solution. 


The thermodynamic equilibrium constant of an ion-exchange reaction of 
the type 

bI: + 2Hh ^ Ba^ + 2Kt ... (I) 

is written 







(2) 


Whilst the activities in solution may be readily evaluated in favour- 

able cases from known activity data, some assumption must be made for 
the activities of the two ions in the solid phase. Hitherto, at least three 
different assumptions have been made for and as follows : 
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(i) Boyd, Schubert and Adamson ^ have assumed that the ions in the 
solid phase exist in ideal solution, and have put the activities in the solid 
phase equal to the molar fractions of the two species. If the x terms are 
molar fractions and the n terms are the number of moles of Ba^ and Hr, 
then 


^ (^B aR + ^Hr) ^ 

^4, ‘ ^Bag ~ ^R ' «Bag ’ 


(3) 


By plotting log against log for the sodium-barium 

system a straight line was obtained by Boyd, Schubert and Adamson, 
which seemed to indicate that the concept of ideal solution in the solid 
phase was a reliable h5q)othesis. 

(ii) Bauman and Eichhom 2 on the other hand have written the equilibrium 
constant of a reaction of the above type in a form corresponding to 


K.= 




(4) 


where the c tc^rms are molar concentrations, and have derived an equation 
of the form 


^BaR 

(I - 



_ 

(I - ^ 


(5) 


where Cr is the total molar exchange capacity of the exchanger and Cg 
the total molar concentration of the solution. It is difficult to see how 
this equation can be derived from eqn. {4) unless some assumption has 
been made which has not been specifically mentioned in their paper. 
Nevertheless, these authors make a test of their equation which appears to 
support their postulates. 

(iii) Kressman and Kitchener * have assumed that the activities of the 
ions in the exchanger are proportional to the equivalent fractions defined as 


'-Bur 

Cr 


A 


Ba 


^ == I - a 


Ba-R 


where the C terms are the number of equivalents of the ions in the exchanger, 
Cr is the total capacity, and the A terms are the equivalent fractions in 
the exchanger. Hence 


“ (I- 


( 6 ) 


In this treatment the activity coefficients of the ions in solution have also 
been neglected, and the equation written 


Ka 


Ar 



(7) 


The mass-law product estimated from an equation of this form was foimd 
to be constant over a range of 076 <0*88 for the barium-ammonium 
system (and over similar ranges for the other systems), and it was concluded 
that the changes occurring in must be accompanied by propor- 

tionate changes in Yb*r/Yhr. 

It appears surprising that three different assumptions for the activities 
of the ions in the exchanger can lead to equations which are apparently 


^ Boyd, Schubert and Adamson, J, Amer. Ghent. Soc., i947» 

* Bauman and Eichhorn, ibid,, 2830. 

* Kressman and Kitchener, /. Ghent. Soc., 1949, 1201. 
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equaUy successful in describing the results. All three approaches when 
applied to exchanging ions of the same valency lead to the same equations, 
which would therefore be expected to give a constant mass-law product 
for homovalent exchange. We have previously shown ^ that the mass- 
law product for the sodium-hydrogen system is not constant but rises to 
a maximum for a value of 0’I2 for the molar fraction of sodium ions in 
the exchanger. This suggests that the simple assumptions made for the 
activities of ions of the same valency in the exchanger is not valid, and, 
a priori, one would expect these assumptions to be in greater error for 
heterovalent exchange, for which the system is likely to be less ideal. 

The situation is further confused by the apparent contradictory nature 
of eqn. (3) and (4). If the capacity of the exchanger is constant, the 
postulates of Kressman and Kitchener and of Bauman and Eichhom are 
such that a constant mass-law product can be obtained from the same 
set of results by use of both eqn. (4) and (7) (provided the ratio of tlie 
activity coefficients of the ions in solution does not vary greatly), for 

^ ^ /ON 

(i-W' q,”' . . . w 


The postulates of Boyd, Schubert and Adamson and those of the other 
two sets of authors are, however, mutually exclusive, for if eqn. (4) is written 
in terms of the number of moles of the two ions in a given weight of exchanger 
we arrive at 






(9) 


This is different from eqn. (3) which has a term I - equal to the 

total number of moles of the two ions in the exchanger, which must vary 
according to the position of equilibrium. Thus it is impossible to obtain 
a constant mass-law product using eqn. (3) from results which give a constant 
with eqn. (4) and (6). 

In view of this confusion, a thorough test of the mass-action concept 
has been made by estimating the mass-law product from the same results 
using eqn. (3), and also by assuming the activities in the exchanger to bo 
equal to the molar concentrations (i.e., neglecting the activity coefficients 
of the ions in the exchanger). In order to simplify the presentation of the 
results, eqn. (4) obtained on the latter assumption has been used in the 
fonn given by substitution of tlie equivalent fractions for the concentration 
terms. Thus 


Cii.„ 










CBa„ 

Tb.* 

^'B»B 





Ybh«j 

Xb.,, 




Xb., 

Ysaj, 


Hence 




(I - 


(I - J 


T 


(10) 


* Duncan and Lister, ibid, (in press). 
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where is the total equivalent concentration in solution, and the X terms 
are equivalent fractions of the respective ions in the exchanger and in 
solution. The ratio of the Ka values given by eqn. (10) and (6) is equal 
to the capacity of the exchanger. 

For the barium-hydrogen system, plots of Ka against and against 
Yi^ere made to test eqn. (3) and (10) respectively. In both cases the 
mass-law product was found to vary, but the curve obtained using eqn. (10) 
Wcis more nearly constant and had a form similar to that obtained for the 
sodium-hydrogen system. The same was true of the exchange of lanthanum 
and ammonium ions, the value of K„ being evaluated according to the 
cfiuation, 






(^5 


(II) 


Experimental 

I'he j)osition ot equilibrium between exchanger and solution has been deter- 
juiiied (i) by batch equilibration methods and (ii) by determining the break- 
through volume necessary for a column of exchanger in the hydrogen form to 
he saturated by a given mixture ol metal ions and hydrogen ions. The apparatus 
was in principle the same as that used for investigating the sodium-hydrogen 
svstem.* 

Radiochemical tracer methods were used to study both tlic barium and the 
lanthanum systems, the two tracers being ^®“Ba (half-life 80 min., (i-energy 
MeV, Y-cnergy o-6 MeV) and ^^"La (half-life 40 hr., fi energy 1-45 MeV, 
Y-cnergics 0*87, o-4<) and 0*33 MeV) respectively. In the lanthanum-ammonium 
batcli equilibration method, volumes of radioactive lanthanum nitrate solution 
from 100 ml. to 5 1. were made up with ammonium nitrabi to a total concentration 
of o-T N, the lanthanum concentration being varied from lo’- to io'‘ N. To 
these solutions, known weiglits of Dowex 50 (0-15 to 0 007 g.) were added, the 
exchanger (in the ammonium form) having been previously dried in an oven at 
1 C to constant w^eight, and the capac ity having been determined by the 
column method using lanthanum. A .similar batch e(|uilibration method w^as also 
used for the barium- hydrogen system. 

In the breakthrough volume method a mixture of ])arium chloride and 
Ijydnxhloric acid at a total concentration of 0*2 N, or of lanthanum nitrate and 
ammonium nitrate at a total concentration of o-i N, was passed dowui the column 
saturated with the univalent ion. Since the multivalent ion is held more strongly, 
a sharp boundary was obtained and was easily observed by measuring the 
radioactivity of the liquid leaving the column by means of a Gciger-Mliller 
< oiintcr of the liquid flow^ type.^ After correcting for the paralysis time of the 
counting assembly and the decay of the radio-tracer used, the concentration of 
the barium or lanthanum entering the column w^as equated to the activity 
observed after the column w^as saturated. By measuring the shaded area shown 
in Fig. I the amount of the multivalent ion taken up by the column for a given 
concentration in solution may be estimated and hence the mass-law product 
determined. 

In order to estimate the mass law product for values of and below 
about 0*2 it is necessary to reduce the concentration of the respective ions in 
solution to lo"'^ M or less. With such low concentrations \'ery large break- 
through volumes are necessary unless the capacity of the column is kept low. 
fn one experiment a column containing about 10 mg. Dowex 50 of capacity 
0-0446 m. equiv. required 1000 ml. of a solution containing i*8 x 10“® g./l. 
of lanthanum nitrate to saturate the column at a value of = 0-417. To 
study the equilibrium at very low concentrations of the mullivalcnt ion it was 
necessary to use batch methods, since the How velocity becomes too fast for 
reasonably sharp boundaries to be obtained if the breakthrough volume is t(^ be 
leached within a time during which the radio-tracer is still active. 

The values of ('n and Cs obtained cxperimentalty were substi- 
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tuted in eqn. (lo). Corrections for the activity coefticients Yh^ TbI^ 
mixtures of these two ions are necessary and may be estimated from the ^tivities 
of the electrolytes in mixtures of barium chloride and hydrochloric acid, for 

__ Y±HC1 <BaC li) 

Yb*|^ YillaC!, (MCI) ’ 

where Y±Hf i<nn< i.) and Y±Baci.(Hoi) are the activity coethcients of the electrolytes 
in mixtures of the two. Now it is possible to estimate Y±Hca from the 
data of Randall and Breckenridge * by use of the equation 

^^8 Y±UC1 (BiiOlt) ~ 1^8 Yiaoi 1' <*12^BaCJsg» 

where Y^irl is the activity coefficient of hydrochloric acid in solutions of the 
same ionic strength. From these data plots were made of logYiHoi<B»ci») 

CBtoiag for solutions of constant ionic strengths, from which a,o was estimated 

and used to determine Yinnuiaoia) solutions. 



Pic5. I. — Dia.^rainmatic representation of concentration volume plot for breakthrousfh 

experiment. 


rnfortunahily data were not available to enable Yiuaci, (hod to be estimated, 
but since Y±HcuBaei,) ^vas found to differ from y% by less than i % it was 
considered reliable to use Y±Btteia Y±BttCi,(Hei) solutions of the same ionic 
strength. 

The expression corresponding to eqn. (12) for the lanthanum-ammonium 
system is 

YnH«u Y5:NH4N08<l.a(N'U3)3) . . 

— .... (13) 

Yr.R»+g Y±L»(N 03 )a (Nh^nos) 

In this case the activity data even for pure lanthanum nitrate are not available 
and no correction could be made. The results given below therefore do not 
represent the true value of the mass-law product, but the general variation will 
be qualitatively correct. The concentration of ammonium nitrate did not vary 
by more than 0 09 to o*3 0 N for < 0*9 whilst the lanthanum nitrate concen- 
tration for the same range was always less than 0 01 N. For values of 
below 0-8 the ammonium ion concentration was 0*099-0*1 N whilst the lanthanum 
ion concentration was less than o*ooi N. Altliough the shape of the mass-law 
product plot may be slightly in error for > o*8, the activity correction is 
almost certainly constant within about 1 % for lower values of 


* Randall and Breckenridge, J. Amer, Chem. Soc., 1927, 49, 1435. 
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J'n;. 2 .. Mass-law product plot tor 1 )ariu in -hydrogen system accordiu;^ to eqn. (10). 
A, — Room temperature (with no correction for fictivity coefficients in solution), 
p. -Room temperature (with activity coefficient correction), c. C (with no 
correction for activit}' coellicients in solution). 

O CD 0 Breakthrough experiments. 

• C Q Batch equilibration experiments. 



Fio. 3. — Mass-law product plot for barium- 1 lydrogen system at room temperature 
according U> eqn. (3) (with no correction for activity coefficients in solution). 

O Breakthrough experiments. 

• Batch equilibration experiments. 
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Fk;. 4. — Mass-law product plot for lantlianum-^ammoiiiuiu system, according to ('cpi. 
(ii) (with no correction for activity coefficionts in solution). 

O Breakthrough experiments. 

# Points interpolated from curve constructed from batch equilibration 

data. 



Fig. 5. — ^Mass-law product plot for lanthanum -ammonium system according to solid 
solution concept (corresponding to eqn. (3), with no correction for activity coeffi- 
' cients in solution). 

0 Breakthrough experiments. 

• Points interpolated from curve constructed from batch equilibratitm 

data. 






J. F. DUNCAN AND B. A. J. LISTER iii 

Results and Discussion 

The variation in the mass-law product calculated according to eqn. (lo) 
from the equilibrium data given in Table I and II for the barium chloride- 
hydrochloric acid system is shown in Fig. 2. It will be seen that at room 
temperature the mass-law product varies by about 50 %, from high values 
of XsaR to a maximum at a value of Xfiap—o-si. By comparison Fig. 3 
shows that the mass-law product derived from the same experimental 
results by use of eqn. (3) varies by a factor of 2 or more over the same range,the 
maximum being obtained at ''^BaR=o*i7 corresponding to XBaj^=0*3i. 
From this it was concluded that neither approach was strictly valid, although 
the activities of the ions in the exchanger were more nearly approximated 
by the use of molar concentrations in the exchanger expressed in arbitrary 
units. Fig. 2 may be used if desired to estimate the variation of the activity 
coefficients of the ions in the exchanger, although the values obtained 
depend on the value of Ka which is assumed to be valid and on the units of 
concentration. 

For the lanthanum-ammonium system, the equilibrium data are given 
in Table III, and the curve obtained by use of eqn. (ii) without making 
corrections for the activities of the ions in solution is shown in Fig. 4. The 
curve calculated assuming the validity of the solid solution concept (corre- 
sponding to eqn. (3)) is shown in Fig. 5. Much greater variations of Ka are 
obtained, thus supporting the conclusion that eqn. (ii) (which assumes 

TABLE I 

Experimental Data for Ba2-^'-H+ System (Total Concentration 

0-2 N) 

Total I Equivalent 

Equivalent j Concentration 
Concentration j of Barium 
(Cs) 1 (CBa,) 

Breakthrough Experiments 
0-220 I 0*01254 

0-210 0-0055 

0-210 j 0-00254 

0-207 ! 0-00191 

0-209 0-00135 

0-209 0-000767 

0-208 0-000658 

0-211 0-000542 

0-210 j 0-000272 

0-210 I 0-000231 

0-210 I 0-000163 

0-195 I 0-0001025 

0-204 I 0-000063 

0-195 1 0-0000436 

Batch Equilit 'ration Experiments 


0-200 

0-0000263 

0-549 

, 0-0201 

I-I4 

0-200 

0-0000225 1 

1-360 

1 0-0239 

I-I4 

0-200 

0-00002II 1 

0-995 

1 0*0253 

1-14 




II2 TABLE II 

Experimental Data for Ba*+-H+ Systems at 87° C (Total Con- 
centration 0-2 N) 


Total j 

Equivalent 
Concentration ; 
(Cs) 

1 

Equivalent 
Concentration 
of Barium 
(CnaJ 

Breakthrough Experiments 

0-206 

0*0201 

0‘2I8 

0*0105 

0*212 

o*oo8o 

0*213 

0*00320 

0*212 

0*00159 

0*210 

0*000629 

0‘2o8 

0-000365 

Batch Equilibration Experiments 

o*2o6 

0*00121 

0-206 

0*000498 

0"206 

0*000443 

0'206 

0*000334 

0*206 

0*000217 

0-206 

0*000135 

0-206 

0*0000812 


Capacity of 

No. of m. 

Exchanger 

equiv. of Barium 

(m. equiv.) 

in Exchanger 

0*796 

06573 

0*796 

0*5890 

0*796 

0*5760 

0*796 

0*5029 

0*796 

0*4260 

0*796 

0*3258 

0*796 

0*2560 

0*432 1 

0*2258 

0*427 1 

0*1657 

1*719 : 

0*6077 

0*832 1 

0*2476 

1*292 1 

0*3060 

0*859 

01333 

1*718 

0*1672 


TABLE III 

Experimental Data for La*+-NH+ System (Total Concentration 

o-i N) 


Total 

Equivalent 

Concentration 

{Cs) 


I Equivalent 
I Concentration 
1 of Lanthanum 
(Cl-aJ 


Capacity of | Mo. of m. 
Exchanger equiv. of La'^'^ 

(m. equiv.) in Exchanger 


Breakthrough Experiments 


0*1000 

^ 0*500 1 

3*107 

3*000 

0*1002 

0*0102 

3*107 

2*8io 

0*1000 

0*00100 1 

0*410 

0*3250 

0*0998 

0*000676 

0*0446 

0*03424 

0*1000 

0*000119 

0*0446 

0*02778 

0*1000 

0*0000364 

0*0639 

0*03208 

0*1000 

0*0000186 i 

0*0446 

o*oi86o 

Batch Equilibration Experiments (Typical results from 
ments^ 

a series of 70 experi 

/ 

0*1000 

1 0*0000797 

0*151 

1 0*08800 

0*1000 

0*0000339 

0*0709 

0*03470 

0*1000 

i 00000203 

0*0321 

i 0*01400 

0*0999 

0*00000936 

0*0426 

, 0*01485 

0*T000 

0*00000767 ' 

0*0353 

■ 0*01110 

0*1000 

0*00000625 

0*0606 

; o*oi8oo 

O'lOOO 

0*00000575 

0*0697 

; 0*01950 

0*1000 

0*00000121 

0*0378 

1 0*00375 
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proportionality between activities and molaur concentrations) is more nearly 
valid. 

The fact that variations in the mass-law product are obtained here for 
systems shown by other authors to give constants is evidently attributable 
to the fact that most of the earlier mass-law product determinations were 
made over quite small ranges. For example, Kressman and Kitchener 
worked within the ranges 076 <XBd^ <o-88 and 071 <ArAiR <0-88 
over which the mass-law product is seen not to vary by more than about 10 %, 
and Boyd, Schubert and Adamson similarly used restricted ranges (estimated 
for the barium-sodium system as 0-64 <XBaK <0*91, and for the lanthanum- 
sodium system as 0-87 0-92). 



Fig. 6.- ]MasS”law product for the iiodium-hydrogen system = 0*2 N). 

A. -Kooiii temperature. 13. — 87° C (correction for activity coefficient in solution). 

o Jireakthrough experiments. 

• Batch equilibration experiments. 


The use of eqn. (10) and (ii) is seen to give results for the exchange of 
uni-bi and uni-tervalent ions which are very similar to those obtained for 
uni-univalent exchange. For comparison, the mass-law product of the 
sodium-hydrogen system ^ at room temperature is shown in Fig. 6. Since the 
concepts of Kressman and Kitchener and of Bauman and Eichhom must 
lead to mass-law products which vary in the same way as those shown in 
Fig. 2, 4 and 6, no method yet proposed is satisfactory in evaluating the 
activities of the ions in the exchanger, other than to a first approximation. 
Whilst it is possible that some other approach may be satisfactory, it seems 
to us that a fundamental feature may have been omitted in all the methods 
listed. For instance, whilst it is undoubtedly true that to a first approxima- 
tion the total capacity of an exchanger is constant, and it is probably 
correct to assume the exchange capacity to be constant, it is possible that the 
resin takes up non-exchangeable material by adsorption on the surface, by 
solution in the exchanger or by other processes. In this respect, there is a 
little experimental evidence ; the height of the maximum obtained in the 
mass-law product plots for the sodium-hydrogen and the barium-hydrogen 
systems decreases as the temperature increases (see Fig. 2 and 6) as would 
be expected for the contribution of a non-exchange process (e.g., an adsorp- 
tion phenomenon) which usuaUy^ decreases with increasing temperature. 

Differences in mass-law product may also be caused by swelling phenomena 
as has been suggested by Gregor® on thermodynamic grounds. It is already 


• Gregor, ibid., 1948, 70, 1293. 
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known that ion exchange material swells and contracts in solutions of 
different electrolytes or in solutions of the same electrol3^e in different con- 
centrations and it is possible that swelling may also be different according 
to the ratio of the ions in the exchanger. Further experimental work is 
required to ascertain whether such secondary processes, hitherto uncon- 
sidered, have an effect on the exchange equilibrium. 

We should like to acknowledge the assistance of Mr. P. E. Brown with the 
experimental work, and Mr. M. A. Hewitt with the computing. We are 
indebted to Dr. E. Glueckauf for his interest in this investigation and we 
should like to thank the Director of the Atomic Energy Research Establish- 
ment for permission to publish this paper. 

Addendum. - Some confusion seems to have arisen concerning the method of 
evaluating by use of eqn. (lo) from the experimental results. The figures 
shown in column 3 of Table I-IIT were not used as as this would lead to a 
value of which depends on the amount of exchanger used. In order that 
should refer to the same quantity of exchanger, was taken as the capacity of 
I g. of exchanger (4*3 ni. equiv./g.)^. 

The Atomic Energy Research Establishment, 

Harwell, Berkshire. 


EXCHANGE EQUILIBRIA IN ANION-EXCHANGE RESINS : 
POROUS EXCHANGERS 

By Rouert Kunin and Robert J. Myers 

Received zznd August, 1949 


The exchange equilibria ol strong-base and weak-base anion-exchange resins, prepared 
with various degrees of cross-linking, were examined to determine the effect of this 
quantity upon the behaviour of the products. By suitable improvements in “ porosity ” 
the exchange capacity for large molecules, such as penicillin or coloured bodies in beet 
molasses, can be increased. The swelling and hydraulic characteristics are also affected 
by changes in cross-linking. The results are quite analogous to the molecular-sieve 
effect noted for the adsorption of gases by zeolites and may therefore be considered 
an “ ionic -sieve ” effect. 


Chromatographic techniques that have employed ion-exchange substances 
as adsorbents have aided considerably in the analysis of rare earth mixtures,^ 
solutions of amino acids,® purine bases, nucleic acids ® and other systems. 
The principles involved in these separations are similar to those involved 
in the chromatographic analysis of non-ionic constituents ; however, 
superimposed on these principles are several added ones deriving from the 
ion-exchange process. Notably successful separations have been achieved 
through the application of variations m elution agents, degree of column 
loading, flow-rates during development and particle size of adsorbent. 
Differences in exchange equilibria have been called into service through 
searches for adsorbents with specific adsorptive properties, or investigations 


^ Boyd, Schubert and Adamson, J. Amer. Chem. Soc., 1948, 69, 2818. 

* Winters and Kunin, Jfjd. Eng. Chem., 1949, 41, 460. 

* Cohn, Science, 1949, 109, 377. 
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into the effects of complexing agents and of pH on elution. Further extension 
of the application of exchange equilibria principles in chromatographic 
analysis has been made through the use of the newer synthetic resin exchange 
adsorbents that contain various functional groups and possess various 
degrees of selectivity based upon differences in ionic size. 

Equilibria in anion exchangers have been studied extensively by Wik- 
lander,^ Myers, Eastes and Urquhart,® Bhatnagar and co-workers,® Griess- 
bach ’ and Kunin and Myers.® Most of these studies were conducted on 
weak-base type anion exchangers, that is, the synthetic resins employed 
were based upon alkylene polyamines or aromatic diamines. Kunin and 
McGarvey ® examined the equilibria relationships in a strong-base or 
quaternary-type anion exchanger. 

Titration curves of anion exchangers with strong acids clearly indicate 
the strength of the basic group. The order of decreasing exchange ability 
differs for the weakly basic resins as compared with the strong base chiefly 
with respect to the position of the hydroxyl ion. In the case of the strongly 
basic resin the order was found by Kunin and McGarvey ® to be as follows 
for the strong-base exchanger, Amberlite IRA-400 : citrate > sulphate 5 
oxalate > iodide > nitrate > chromate > bromide > thiocyanate > chloride 
> f ormate > hydroxyl > fluoride > acetate. The order of replacing ability 
is determined by means of “ symmetry studies, in which the percentage 
exchange effected is plotted against the symmetry value, or milli-equivalents 
of ion added per milli-equivalent of dry resin. Exchange equilibria relation- 
ships such as the Freundlich, Langmuir or Rothmund-Komfeld equations 
hold only over certain ranges of concentration, and are best applied when 
ions of similar size and charge are involved. In general, symmetry plots 
are readily obtained and arc more meaningful in discussions of practical 
problems in chromatography. 

The availability of both weakly and strongly basic anion exchangers 
offers a range of operations to the laboratory investigator. Such an operating 
range is applicable mainly in cases of relatively small ions. When larger 
molecules sucli as complex colour bodies, penicillin and ascorbic acid are 
under consideration it is desirable to employ modified exchangers that exhibit 
greater capacities for large ions. Recent advances in synethtic resin tech- 
nology have led to the development of ion-exchange resins with different 
degrees of “ porosity such that larger ions may be adsorbed and eluted 
effectively. Since the successful application of chromatographic techniques 
requires operation at or near equilibrium conditions, the porosity of the 
exchanger becomes a vital factor since rates of diffusion throughout the 
resin particle vary with both the porosity of the resin and size of the ion. 

Samuelson and Bauman have studied the effects of swelling and 
porosity upon the equilibria of cation exchange in sulphonic acid cation- 
exchange resins. It is an object of this paper to present some preliminary 
data on the performance of laboratory preparations of porous anion exchangers 
of the weak-base and strong-base type. 

Experimental 

The resins selected for this study were modifications of the Amberlite TRA-400 
(Series a) studied by Kunin and McGarvey » in which the density was altered 


^ Wiklancler, Ami. Roy. Af^ric. Coll., Sweden, 1946, 14, 1. 

* Myers, Eastes and Urquhart, Ind. Eng. Cham., 1941, 33, 1270. 
® Bhatnagar at al., J. Indian Cham. Soc., 1941* 447* 

’ Criessbach. Z. Ver. Deutsch. Chennker, Baih., 1939 , *• 

® Kunin and Myers, /. Amer. Cham. So':., 1947* 2874. 

® Kunin and McGarvev. Ind. En^. Cham., 1949. 4 *. 1265. 
Samuelson, Diss. (Valhallavagcn. Sweden. 1944)* 

Bauman, Abstr. Div. Coll. Cham, (A mar, Cham, Soc.), 1949. 14. 
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Physical and Chemical Characteristics op* the Amox-exchange Rksixs of Series a and 
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exchangf^ on equilibrating the liydroxyl form f*f the resin wnth an equivalent ainonnt of the -odium salt of the respective halogen. 
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bv varying the degree of cross-linking, and Series b, a similar set of resins in 
which the basic groups were of the weak-base type. 

The total exchange capacities and exchange equilibria were determined in 
the manner described by Kunin and Myers ® and by Kunin and McGarvey.® 
The total capacities of the strong-base resin were also determined by the extent 
of splitting of sodium chloride. The percentage swelling was determined by 
a measurement of the difference in volume between two equal weights of resin, 
one of which was put in the chloride form, the other in the liydroxyl form. 

The apparent densities and moisture contents were determined as described 
previously.® * The capacity for large ions and decolorizing capacity were 
determined in column experiments. The capacity for decolorizing beet molasses 
was determined by passing a 15 Brix sugar solution over a 20 ml. bed of resin 
at a rate of 0-067 ml. /min. The end-point was taken as 20 % colour 

leakage. The capacity for penicillin was determined by passing dilute solutions 
(usually about o*oi N) of the compound over a 2 ml. bed in a 2 ml. pipette at 
a slow rate, with contact times from three to four minutes. Appropriate chemical 
tests were employed to detect breakthrough. 

The moisture capacity was determined by equilibrating the salt (chloride) 
form of the resin in w^ater and determining the moisture content of the equili- 
brated resin. 

Results 

Physical Characteristics.— The physical characteristics of both resin 
series are described in Table I -in which the variation of moisture capacity, 
apparent density and swelling characteristics are reported as a function ol 
the degree of resin cross-linking. It is quite obvious that the ability to imbibe 
moisture and swell decreases markedly upon increasing the degree of cross- 
linldng. Similarly, the degree of resin de-swelling upon electrolyte addition 
decreases as the degree of cross-linking increases. 

Chemical Characteristics. — Exchange Capacities. — The total capacities 
of the two resin series are shown in Table J. An increase in the degree of 
cross-linking is accompanied by’^ a decrease in total exchange capacity for both 
resin series. However, it is interesting to note that the weak-base resins 
decrease more rapidly than the corresponding strong bases. 

The capacities for penicillin G as determined by a column procedure are 
sliown as a function of degree of cross-linking in Table 1 . The adsorption of 
penicillin was studied using o-oi N solutions of pure penicillin G. Nessler’s 
reagent was used to detect leakage and breakthrough capacity. The much 
greater capacity for penicillin, in the porous excliangers, is shown clearly by the 
data. As the degree of cross-linking increases the fraction of the total resin 
capacity that is available to penicillin decreases markedly. In fact, at high 
degrees of cross-linking practically no adsorption of the large penicillin anion 
can be detected. Similar results were obtained with the Series b resins for 
the adsorption of the weakly acidic coloured bodies in beet molasses. 

Exchange Equilibria. -The effect of the degree of cross-linking upon anion- 
e.vohange equilibria was determined solely with the Series a, strong-base type 
resins. The extent of exchange of various halogen anions with the hydroxyl 
ions of the resin a series is described in Table I. It is quite obvious that the 
degree of cross-linking has a marked effect upon the exchange equilibria. The 
results appear to indicate that as the degree of cross-linking increases the 
ecjuilibrium constant approaches unity. 

Discussion 

The results indicate another parameter of importance in chromatography 
with ionic adsorbents, namely, the degree of porosity of the resin structure 
in addition to those of pH and basicity or acidity of the adsorbent is to be 
considered in applications of ion exchangers. By suitable modifications of 
presently available ion-exchange resins, the exchange capacity for large 
ions can be increased. Such “ porous " exchangers are modified also with 
respect to swelling and hydraulic characteristics, but certain sacrifices can 
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be made in these matters to achieve appreciably improved capacities for 
large anions. Finite limitations on the size and shape of large ions that 
may be adsorbed are to be expected and will be determined by the structure 
characteristics of the resin particle. As the degree of cross-linking is 
increased, the ability to imbibe water and swell is decreased thereby limiting 
the penetration and exchange capacity towards large ions. These results 
are quite analogous to the molecular-sieve effect noted by Barrer^® for 
the adsorption of gases by the zeolites and may therefore be considered an 
‘‘ ionic-sieve effect. 

The lack of ionic selectivity as the internal pore space increased due to a 
low degree of cross-linking has been noted by Samuelson and Walton.^® 
Walton attributes this effect to the fact that the environment inside of the 
resin particle tends to approach that of the external solution thereby 
decreasing the difference between the adsorption of the various ions. 

Conclusions. — '' Porous modifications of conventional anion-exchange 
resins have been prepared and examined for their exchange and physical 
characteristics. It has been found that as the degree of cross-linking 
decreases the ability to adsorb large anions increases. It has also been noted 
that decreasing the degree of cross-linking markedly affects the exchange 
equilibria, decreasing ion selectivity. 

The resins examined were synthesized by I)r. Charles McBurney and 
Dr. Fred Boettner in our Philadelphia laboratories. Miss Ruth Barry 
and Mr. Frank McGarvey assisted in the determination of exchange capacities; 

Rohm and Haas Company y ' ' ' ‘ 

Philadelphia, 

Pennsylvania, US. A. 


Barivr, Trans, h'aruday Soc., 1944, 40, .JoO. 
Walton, ] . Chcni. ICduc., i94t>, *3, 545. 


FULLY SWOLLEN ALGINATE GELS AS PERMUTITES : 
KINETICS OF CALCIUM-SODIUM ION EXCHANGE 

By J. L. Mongar and A. Wassermann 

Received 20th July, 1949 


On addition of sodiniu chloride solution to fully swollen cylindrical calcium alginate 
gels, a stationary sodium chloride concentration in the gel phase is established before 
appreciablci conversion of the calcium alginate into the sodium salt has taken place. 
These observations, together with the results of other experiments, make it possible 
to estimate approximate initial values of third-order velocity coefficients characterizing a 
homogeneous ionic replacement reaction, not a diffusion step. 


The overall rate of previously investigated ion-exchange reactions appears 
to depend on the rate of a diffusion stage. ^ Some authors * interpreted 
the results of their kinetic measurements as indicating that the ion exchange 
itself is the slowest step ; but, so far as wo are aware, these experiments 

' See, e.g., Boyd, Adamson and Meyers, /. Amer. Cheni. Soc., 1947, 69, 2836. 

* For references, see Duncan and Lister, Quart. Rev., 1948, 2, 307. 
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were done with adsorbents of non-tmiform shape, and no attempt was 
made to find out how the velocity coefficients, computed from the analytical 
data, are influenced by the surface/volume ratio of the exchange material. 

The work now to be described deals with the following reversible meta- 
thesis : 

K 

calcium alginate 4- sodium chloride mixed sodium-calcium alginate 

^2 

i calcium chloride. . . . . (i) 

The chloride ions do not participate stoichiometrically and, therefore, the 
cation exchange proper can simply be represented by 

Ca--g 2 Na 4 2 Na*^ 4- Ca*' . . . (la) 

where the species with the subscript g are confined to the gel phase, viz., 
they are " non-permeant,*' and and ^2 ^.re third order velocity coefficients 
relating respectively to the forward and to the reverse process. 

The results of the experiments are compatible with the assumption that 
the initial rate of the forward reaction relates to the homogeneous ion 
exchange itself, not to a diffusion step, and approximate numerical values 
of the velocity coefficient are estimated. The measurements were done 
with cylindrical alginate gels of high water-content, the surf ace- volume 
ratio of the test pieces being varied in the range 34-140 cm."b 

Results 

The alginate gels, containing 92 % of water, were prepared, surfact*-dried 
and analyzed by methods described in a paper which we hope to publish in the 
/. Chem. Soc, (referred to below as Part I). Table T shows the numerical values 
of diffusion-coefficients D of some simple electrolytes dissolved in these gels.* 
These measurements were made by using a method similar to that outlined 
by Eggleton, Eggleton and Hill,® the 1 ) value in the last line being calculated 
with the help of an equation taken from Harrev.^ 

TABLE I 

Diffusion Coefficients of Simplf: Eleciroj.vj es in Alginate Gel.s 


Temperature 
® C 


(tcI 


20 

20 

18 

o 

18 


} Sodium 
alginate 

} Calcium 
alginate 


I Surface/ 

I volume I Perm cant 
; Katio of ■ Elcctrolyti' 
j Gel (cm.'b ! 

3 

, 5 

i 60 


! Initial cone, j 
I of Permeant ; Diffusion 
Electrolyte ! coef. :< to* 
in Gel j (cm.® 

(g.-mole i sec. "4 

per 1 . Gel) 


2*30 

I l8 i:; 2 

1*00 

! ^ Ji 2 

0*0500 

8*0 rfc 0 *8* 

to 

i b *5 i 0*7 

0*500 1 

> 7 J: It 


NaOH 

NaaCOa 

CaCL 


♦ This value was calculated from observations in which only the earliest stage of the 
diffusion of calcium chloride from the gel to the solution was taken into account, 
t This value relates to the latest stage of the diffusion. 


® Pvoc. Roy. Soc. B, 1928, 103, 620. 

* Diffusion in and Through Solids (('amhi'idgc. 19 G) I cf. also Hill, J^roc. Row Soc. B, 

1928, 104, 39. 

* Sodium alginate is soluble in water, but if the sol is 2 N with respect to sodium 
hydroxide or carbonate a gradual transition into a gel occurs. 
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A comparison witli the figures listed in Landolt-Boernstein's Tables shows 
that the D values of NaOH, NaaCO, and CaClg in water are similar to those 
listed in the last column of Table I ; this is of interest because the diffusion 
coefficients of other simple electrolytes dissolved in a less highly swollen cation 
exchange material are 5-10 times smaller.^ ^ 

In carrying out the kinetic measurements, fully swollen calcium alginate 
fibres of diameter varying between 0*24 and 1*2 mm. were hung over a hook 
and rinsed first with water and then with sodium chloride solution of the same 
temperature, thereby obtaining an effluent e^. After known time intervals 
the flow of the sodium chloride solution was interrupted, the fibre was quickly 
surface-dried, weighed and rinsed with water until permeant electrolytes were 
removed from the gel, the effluent thus obtained being designated The 
two effluents were analyzed for calcium, chloride determinations in being 


TABLE II 

Results of Experiments, with Fully Swollen Calcium Alginate Fibres of 

0*48 MM. DIAM. at 20“, SHOWING THE RaPID ATTAINMENT OF A STATIONARY SODIUM 
Chloride Concentration in the Gel 


Time of 
Treatment 
of Calcium 
Alginate Fibres 
with 

N NaCl Soln. 
(sec.) 

Rate of 
Flow of 
NaCl Solii. 
(cm.*/min.) 

Weight of 
Surface- 
dry Fibre 
(n'S-) 

g. equiv 

Chloride 
Released 
from Fibre* 

. X 10* 

Calcium 
Released 
from Fibref 

Stationary 
NaCl concn. 
in Gel 
(g.-mole/ 

1 . Gel) 

5 

40 

178 

i»88 

0*03 

I‘0 ± 0*1 

5 

18 

179 

1-4 1 

0*03 

0*8 ±0*1 

lot . . 

! 40 

186 

I'S 

0*07 

1*0 Jb O’J 

10 

40 1 

1 180 ! 

1-8 1 

0*07 

1*0 ± o»i 

10 

18 

1 188 

I-C 

0*07 

0*9 dr 0*1 

20 , . . . I 

40 ! 

! 186 ! 

2-1 

0*14 

1*1 ± 0‘1 


40 

192 

2*0 

0*20 

1*0 ± 0*1 

60 . . . . : 

40 

159 i 

2*0 

0*35 

i*i dr 0*1 

90 . . . . 1 

1 40 

i 1 

2*3 

0*42 

I*I dr o-i 


* Into effluent e^, during the final rinsing with water. 

t Into effluent during the treatment with the NaCl solution ; 100 % ion exchange 
corresponds to a release of 0*72 x io“* g.-equiv. calcium. 

J Using the appropriate equation for cylindrical diffusion (see rcf.,^ a diffusion coeffi- 
cient of 12 X 10"® cm.* sec.“‘ and assuming that the NaCl diffused into the gel is not 
used up, it can easily be shown that after 10 sec. the NaCl concentration should be 
about 0*9 g. -mole/1, gel. 


TABLE III 

Kinetics of Calcium-sodium Ion Exchange : Typical Results 

Temperature 37 d: 1° ; Initial diam. of fully swollen calcium alginate fibre i‘i5 mm. ; 
initial concentration of non-permeant calcium in gel 0*2 g.-mole/l. fully swollen gel ; 
rate of flow of sodium chloride solution 5 cm,*/min. ; stationary sodium chloride con- 
centration in gel o-o8oo g.-mole/l. fully swollen gel. 


Time of treating of fibre wdth sodium 

1 





chloride solution (sec.) 

Non-permeant calcium converted 

180 

300 

600 

840 

1020 

into CaCla (which was analyzed in 
effluent e^) . . 

12 

18 

27 

32 

35 

16* X X rt* (sec.“^) . . 

6-9 

6*6 

5*2 

4-6 

4-2 


' Bauman and Eichhorn, J, Amer. Chem, Soc., 1947, 2832. 
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also carried out ; it was possible, therefore, to estimate the sodium chloride 
concentration in the alginate gel and to establish that the quantity of calcium 
chloride in was negligibly small. The results of typical measurements arc in 
Table II and III. The figures in the last line of Table III were obtained by 
integration of the following rate equation, 

dx/d^ ^ kia^{b — X), .... (2) 

where a is the stationary sodium chloride concentration in the gel, b and 
b — X are the concentration values of the non-permeant calcium respectively 
at zero time and time t. The latter concentration could be estimated by taking 
into account the figures in the second line of Table III and the results of control 
tests (Part T) which showed that no significant storage of CaClg in the fibre 
occurs, that there is no membrane hydrolysis, and that the ratio 

No. of g.-equiv. n on-permeant calcium removed from gel as result of ion exchange 
No. of g.-equiv. non-permeant sodium incorporated into gel 

is unity. 


TABLE IV 

Kinetics of Calcium-sodium Ion J^xchange : Summary of Results 


Run 

No. 

Temp. 

" C 

Initial 

Diam. 

Fibre* 

(mm.) 

Stationary 
NaCl cone, 
in Gclf 
(g.-mole/ 

1. Gel) 

Rate of Flow 
of NaCl Soln. 
(cm.®/min.) 

■ 

I 



^0*28 

1*10 


2 



«-43 

1*00 

2 

3 



0*55 

1*00 

2 

4 



0*5.5 

1*00 

10 

5 



0-55 

1 *00 

20 

6 



0*96 

0*800 


7 



0*28 

0*800 

2 

8 

20 

< 

0*40 

0*400 

2 

9 

1 ' 


0*28 

0*130 

2 

10 

i 

0*45 

0*100 

2 

II 

i 

0*45 

0*100 

10-20 

12 

1 

1 

0*50 

0*100 

*40-45 

13 


1*1 

0*08 

3 

14 

! 

i*i 

o*o8 

30 

15 



^0*28 

0*07 

2 

16 

3 

0-55 

0*10 

40 

17 

5 

I*I 

o*o8 

5 

18 

3u 

1*0 

0*08 

3 

19 

37 

1*1 

0*08 

3 

20J 

20 

0*45 

0*10 

45 

2lt 

20 

11 

o*o8 

3 j 


pH of 
Soln. 




10 

TO 


Ay (1® g.-iiiole‘® 
sec.~^) 


I r 0*020 

I 0*014 

I o*oiG 

0*014 
0*014 
I 0*0 1 0 

' 0*0 1 6 

I 0*030 

i 0*14 

^ o*i6 
i o*i(> 

i 0*12 

0*14 
1 0*18 

I o*i6 

j 0*16 

I 0*12 

I 0*16 

I lo-i 3 
! 0*12 


* The diameter 2r of all fibres was much siiuiller than their length ; the surface/ 
volume ratio is therefore 2/r. 

t Each figure listed in this column was obtained from the result of tests similar to 
those indicated by the data in Table 11. 

t In these experiments the calcium alginate was rinsed with a sodium chloride 
solution containing carbonate-free sodium hydroxide. 


Graphical extrapolation of A, a® to small conversion ratios leads to an initial 
value of 8*5 ± 0*5 x lO’* sec.~^, corresponding to an initial velocity coefficient 
of AJ = 0*13 ± 0*04 1 .® g.-mole'® sec."^ Similar experiments were carried out 
under conditions indicated by the figures in column 2-6 of Table IV, the relevant 
initial velocity coefficients being listed in the last column. 

The accuracy of these AJ values is L 30 % in most runs, but in a few experi- 
ments, e.g., No. 15, it is ± 45 %• ^uch errors are considerably larger than 
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those of most published rate measurements relating to one-phase systems or 
to heterogeneous reactions involving less highly swollen adsorbents. It should 
also be noted that the libre diameter could only be varied within a rather 
narrow range. 

Discussion 

The kinetic significance of velocity coefficients deduced from eqn. (2) 
is based on the validity of the following assumptions : (i) the diffusion of 
NaCl from the outside solution into the gel is fast compared to the rate 
of formation of CaClg ; (ii) the volume of the alginate gel remains constant 
throughout the course of observation ; (iii) the diffusion of CaClg from 
the gel to the outside solution is fast compared to the rate of the reverse 
reaction (i). The figures in Table II and the results of similar tests show 
that a stationary NaCl concentration in the gel is rapidly attained before 
an appreciable conversion of calcium alginate has occurred ; and it appears, 
then'forc, that as a first approximation (i) is valid. It is known,® on the 
other hand, that the conversion of calcium alginate into the mixed salt 
is accompanied by considerable swelling, so that the second assumption 
is not compatible with the actual facts. The swelling of the alginate gels 
must give rise to a decrease of h — x in eqn. (2), which in turn should 
bring about an increase* of The figures in the last line of Table III, 



Fill. 1 - C'onccMitration depcuidenci; of velocity and equilibrium coefficients. Tempera- 
ture 20^’; (\) black circles left ordinate; ib) open circles right ordinate. 

and the results of other experiments, show, however, that the values 
decrease with increasing conversion, and we believe that under these 
conditions the influence of the back reaction over-coinpensates the effect 
due to the swelling. The instantaneous rate of the reverse reaction (i), 
which is probably proportional to the square of the concentration of the 
non-})ermeant .sodium ions, must decrease^ rapidly with decreasing conversion 
into the mixed alginate, and it is reasonable, therefore, to postulate the 
validity of (iii) for the initial stage of the interaction between calcium 
alginate and sodium chloride. Such a hypothesis is in accordance with 
exi)eriments showing that the k[ values are not detectably dependent on 
the rate of flow of the NaCl solution or on the fibre diameter (cf. Runs 
Nos. 1-7 and 12 -16 of Table IV). If it should be possible in future to carry 
out more accurate measurements it may be found that the initial velocity 
coeflicients increase somewhat with increasing surface/volume ratio of the 
test piece. Observations of this kind would not invalidate any essential 
conclusions to be derived from this work ; but the correct initial velocity 
coefficients would have to be estimated by plotting the fibre diameter, 
^^igainst and by extrapolating to r = o. 

Mongar and Wassermann, /. Physiol., 19.47, 106, 32P. MacArthur, Mongar and 
Wassermann, Nature, 1949, 164. no. 
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The ki values in Table IV increase with decreasing NaCl concentration, 
as shown by curve a in the Figure. The trend can be taken to be a solvent 
effect, the dielectric constant and other properties of a medium being 
dependent on the salt concentration. Curve b represents the concentration 
dependence of the equilibrium coefficient kjk^, the later values having 
been determined by measurements done in a static system (Part I). These* 
graphs provide confirmatory evidence for the correct interpretation of the 
kinetic measurements, it being well known that in many cases an alteration 
of chemical conditions gives rise to similar changes of rate and equilibrium 
coefficients." 

The association of certain simple electrolytes involves covalent forces ^ 
and it is not impossible tliat similar effects play a role, to a certain extent, 
in the salts of alginic acid. Moreover, the solvation of permeant sodium or 
calcium ions is probably not identical with that of these cations if they are 
stoichiometrically combined with the alginate residues, thereby being held 
in proximity of a highly charged poly-anion. The ion exchange may 
be accompanied, therefore, by an alteration of both covalent and solvation 
forces and this should give rise to an appreciable activation energy or to a 
small probability of reaction. The observed temperature dependence of the 
velocity coefficient kj (see Runs Nos. 16-19 Table IV) is not compatible 
with an overall activation energy exceeding a few kcal. It has to be taken 
into account, however, that the calcium-sodium ion exchange, like other 
homogeneous ionic processes ^ of the stoichiometric type 3 reactants ->^product, 
can take place as a result of consecutive bimolccular processes. These can 
b(‘ formulat*‘d in the* present case as follows : 


( a i, Na c--' { ( a 0} - [- Na g 

k" I 

{Ca’*..} Na* - 'Ca** 1 Na*. j 


( 3 ) 


where {f a";;,, j i> the symbol for an intermediate in which the iion-pcrmeant 
calcium is combined with only one carbo.xylatt* grouping of an alginate 
residue ; k[, and k" are biinolecular velocity coefficients and the 

significain:e of the other symbols is the same* as in {lu). It can 
be shown, with the help of the stationary state apjuoximation, that 
kl is proportional to provided k7[Na’.] ; A;"lNa‘]. The overall 

activation energy E of the forward reaction (i) would !:>(' gi\'en, therefore, by 
E -- E" q E\ E'_], where the varioiis terms on the right-hand side relate 
to the corresi)onding velocity coctficient in (3). Thus a small overall 
activation energy does not necessarily imply a small activation energy of 
elementary bimolccular replaccmient steps. 


The work described in this paper forms part of an investigation into 
the influence of ion exchange on the molecular shape of chain-like poly- 
electrolytes. A grant from the Department of Sciemtihe and Industrial 
Research is gratefully acknowledged. 

Pharmacology) Department y and the Sir Willuim Ramsay and 
Ralph Forster Laboratories, 

University College, 

London, 


a tlK'orctical troatmciit of siicii correlations see, (* k*. Kvaiis and Polanyi, 
Trans. Faraday Soc., 1935, 31. 49-- 

^ Bell and Prue, /. Chem. Soc., 1949, 362, where references to previous work will 
be found. 

E.g., WHss. J . Chem. Soc., 1944, 3^9* 



SOME METHODS FOR EXTENDING THE SCOPE OF 
PARTITION CHROMATOGRAPHY 

By Alfred A. Levi 

Received i$th July, 1949 


Three methods arc described for extending partition chromatography to substances 
with limited solubilities in water. 


Although in a large majority of cases adsorption chromatography is a 
\'ery convenient and efficient process, partition chromatography offers 
certain advantages, especially for colourless substances and for quantitative 
work. Thus ; 

(i) Partition chromatography as described by Martin and Synge ^ offers 
scope for the separation of acids, since few adsorbents have been found which 
will give satisfactory chromatograms with acidic substances. 

(ii) Substances left as bands on the column after a partition chromato- 
gram are always easily eluted by simple extraction with more of the 
stationary phase. The quantitative elution of adsorbed material is some- 
times difficult, or impossible. 

(iii) Conditions on a partition chromatogram are generally easily 
reproducible. This is not always the case with adsorption, since it is difficult 
to make successive batches of adsorbents with reproducible properties. 

(iv) Distribution * isotherms for partition are conveniently measured 
in tap funnels, or on columns. Hence the data required for calculations 
based on chromatographic theory are easily obtained. 

(v) Experience has shown that with silica gel as support little or no 

coning ” occurs in carefully prepared columns, and the fronts of the 

bands are substantially horizontal even in quite large columns. 

On the other hand, the original method of partition chromatography is 
applicable only to the comparatively few substances which have at least a 
moderate solubility in water. The present paper reviews some methods by 
which this limitation can be to some extent overcome. 

In the first method water is replaced by another solvent immiscible or 
only partially miscible with the flowing phase. This method has given 
some excellent separations, but is again severely limited by the relatively 
small number of solvent pairs which can be used. P2xamples are : (i) For 

the separation of isomeric hexachlorocyclohexanes ^ : stationary phase, 
nitromethane ; flowing phase, n-hexane. (ii) For the separation of fatty 
acids ® : stationary phase, methanol ; flowing pliase, low-boiling liquid 
paraffins. 

In the few examples so far pubhshed, isotherms for substances separated 
appear to be linear or nearly so. This method should therefore l>e worth 

^ Martin and Synge, Biochem. J., 1941. 35. 133^- 

® Ramsay and Patterson, J . Ass. Off. A^ric. Chem., 1946, 29, 337. 

® Ramsay and Patterson. J. Ass. Off. Agric. Chem., 194^^. 31, i39. 

* It is suggested that the terras “ distribution ratio, distribution isotherfla,” etc., 
be used to cover all cases where a substance distributes itself between two phases, 
whether by adsorption, partition, ion exchange, or other mechanism. 
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considering whenever a mixture with suitable physical properties is 
encountered. 

In the second method, water as stationary phase is replaced by a solution 
of some substance which reacts reversibly with some or all of the constituents 
of a mixture. The most generally useful system consists of a solution of a 
suitable buffer as stationary phase. An immiscible solvent forms the 
flowing phase. By this means mixtures of acids or bases can be separated. 
This technique, which requires no unusual practical procedure, offers thc' 
following advantages : 

(i) By the choice of a suitable solute in the stationary phase a partition 
<'hromatographic technique becomes available for substances which have a 
I datively low solubility in water. 

(ii) Another variable for the control of the rate of movement of the bands 
becomes available in the case of acids and bases. 

(iii) Extremes of acidity and alkalinity can be avoided when handling 
sensitive material. 

(iv) By the use of concentrated solutions as stationary phase relatively 
large quantities of material can be separated. 

(v) Impurities in the support, such as traces of alkali or foreign metals 
ill silica gel, become of less importance in the presence of the buffer. 

This technique was successful in thc separation of the different penicillins,^ 
and has also given some useful results in the analysis of alkaloid mixtures.^ 
It suffers from two disadvantages : 

(i) With colourless substances, indicators on the column can no longer 
b(! used, as in the Martin and Synge technique. This means that observa- 
tions must be largely confined to the effluent solution. There are now a 
number of procedures available for this and in view of the flexibility of the 
system, this is no great disadvantage. 

(ii) In general the distribution of substances between buffer and solvent 
seems to follow isotherms of thc Freundlich type, viz., Q = aC^, The 
bands obtained are unsymmetrical and with large loads much overlapping 
of bands may occur. It has been shown that the position and shape of a 
band of phcnylacetic acid on such a column with ether as solvent can be 
predicted from chromatographic theory, and from the isotherms determined 
in tap funnels.^ 

The difficulty of '' tailing was serious with the penicillins, and in all 
cases chromatographic column fractionation has had to be supplemented by 
<Tystallization to obtain homogeneous material. 

It is worth pointing out that curved isotherms are by no means confined 
to buffered solutions. Many instances are known where substances are 
distributed between solvent and water in conformity with Freundlich 
distribution isotherms and in some cases the value of the exponent is quite 
low (ca. 0*5). This difficulty can be turned to advantage by making use of 
thc technique of displacement development,® since for this procedure to be 
successful, distribution ratio must vary with concentration, i.e., the isotherms 
must be curved. The study of displacement development on partition 
columns in these laboratories has brought to light some points of interest 
not previously discussed, and these arc described below. 

For partition chromatography isotherms can be determined by three 
methods : 

(i) By simple partition experiments in tap funnels. 

(ii) By passing sufficient of a solution of known concentration Co tlurough 

* Levi si aL, Biochem. 1948, 43, 257, 262. 

® Evans and Partridge, Quart. /. Pharm. Pharmacol., 1948, ai, 126 ; 31, 441. 

*Tiselius, Arkiv. Kemi, Min. GeoL A, 1943. 
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a column to give an incompletely developed band. From measurements 
of the volumes of effluent and of the cdhcentration variation of the tail, 
the isotherm can be calculated. For the Freundlich isotherm it is only 
necessary to find the retention volume V of the front of the constant con- 
centration zone, and the volume v at which the constant concentration 
zone just finishes. If Qo is the concentration in the stationary phase, V(r 
the initial volume S the pore volume of the column, and P the weight of 
stationary phase, tlien : 

QoiCo - S)/P , 

dQo/dCo ^ [v ~~ Vo — S)/P , 

Vo- S)i{V ™ S) . 

In practice v is liable to be somewhat too low, with a corresponding effect 
on n, but the procedure is convenient, and sufficiently accurate for such 
purposes as choice of developer for a displacement chromatogram. 

(iii) By determination of specific retention volumes at a series of known 
initial concentrations. This is the most accurate method and for partition 
is convenient, if some device is available for detecting the issuing zones. 



Fig. I. — Series of distribution isotherms determined on partition chromatograms by 

method (iii). 


From the family of isotherms so obtained a developer at suitable concentra- 
tion is chosen, and the characteristic step concentrations are read off from the 
graphs (see Fig. i), or are calculated. Thus for the Freundlich isotherm 

if Cjj is the developer concentration, and Cj, C2, the final step 

( oncentrations of the components, 

Ql|C^ - Q2IC, - QdI'Cd , 

or log + (;ii - i) log Cl log («a ” i) log Co -- log ap 

+ {no ~ i) log Cd . 

The following interesting deduction can be made from this equation. 
If we assume for simplicity that n is the same for all the substances, we have 

log C2 — log Cl = (log — log a2)l{n - i). 

Since n usually has values lying between 0*5 and i-o it is seen that concentra- 
tion differences between steps may be quite large for very small differences 
in the values of a. In fact, the only limit to the resolving power of this 
technique is the sensitivity to small changes in concentration of the device 
used to follow the issuing zones. 
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If an approximate knowledge of the composition of the mixture to be 
analyzed is available the length of column occupied by the completed dis- 
placement chromatogram can be calculated. This is useful as a guide to the 
amount of charge which can be put on a given column. Experience has 
shown that the column should be some three to four times the above calculated 
length. If the front of the developer moves a distance xd when unit volume 

passes through the column, and there are milli-equivalents 

of the components present in the initial charge, then the length of column 
occupied by the completed chromatogram will be 



If from a previous frontal analysis, or by other means, the distance 
travelled per unit volume by the front of the original mixed zone before 
development commences is known, then the volume of developer required 
to complete the displacement chromatogram can be calculated. 



Fig. 2.— Tracings of partition chromatograms dc\cl(>pcd by the displacement 

technique. 


Thus, assume that until displacement is complete the front of the whole 
system continues to move at a rate per unit volume. When displacement 
is completed the front of the new zones ^^dll have moved the same distance. 

Hence Xo {Vo + Vd) = xdVu ! Xn [Mi/Ci + nulC^ + . . . . J , 
where Vo is the volume of the original solution. 


Therefon^ 


Xd (wi/C, + W2/C2 + . 

X,, - Xn 


• ) VoXo 


Since in most cases the front of the undisplaced zones will move a distance 
loss than XoVn this expression will give a maximum value for Vu. 

From what has been said above, it can be seen that this technique offers 
very great scope for the quantitative analysis of complex mixtures of closely 
related materials (e.g., homologous series, position isomerides, and stereo- 
isomerides). By working on a small scale with narrow columns the tech- 
nique of coupled filters, or "front straighteners ” ’ has not been found 
necessary in partition chromatograms (see Fig. 2). These would doubtless 


’Claesson, Arkiv. Ketni, Min. Geol. A, 1947, 
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be advantageous on a preparative scale, but this possibility has not yet been 
adequately explored. 

The great sensitivity of the above method of displacement development to 
small differences in partition characteristics involves some restriction on the 
range of substances which can be separated under any given set of conditions. 
Hence for a very crude mixture some preliminary separation is desirable. 
For this purpose partition chromatography offers another device in the use 
of a stationary phase consisting of a solution or suspension of some substance 
which reacts irreversibly with the components of a mixture.® The chromato- 
gram which results from passing a mixture through such a column resembles 
a frontal analysis in that a number of zones are formed equal to the number of 
substances present. Each new zone from the bottom to the top of the 
column contains a new component (in addition to those already present) 
in the order of increasing affinity for the stationary phase. The picture 
differs from frontal analysis in that the total molecular concentration in 
each step is the same (except in so far as it may be modified by physical 
partition between solvent and water alone). Separation cannot be complete 
in such a system, and the method is of little quantitative value. The 
products, being in solution, are rcadity recovered from the silica or other 
support by simple extraction with water. This procedure was valuable 
in the case of crude penicillin, especially for the earlier samples before the 
fermentation process was under adequate control. Large quantities of 
material could be considerably improved in quality without serious loss by 
treatment in ether solution on silica gel columns impregnated with caustic 
soda solution. A partial separation of bases (e.g., a cnide extract of alkaloids) 
could obviously be similarly effected. 

Research Department, 

Imperial Chemical Industries Limited, 

Dyestuffs Division, 

Hexagon House, 

Blackley, Manchester, 9. 

® Catch, Cook and Heilbron, Nature, 1942, 150, 163. 


PARTITION CHROMATOGRAPHY ON PAPER WITH SPECIAL 
REFERENCE TO QUANTITATIVE SEPARATIONS 
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Recent improvements in tlie method of partition chromatography on paper are 
reviewed. By modification of the solvents used new groups of substances can be 
separated. In some cases (e.g., esters of the fatty acids) reversed phase chromatogranfis 
are most convenient. Many attempts have also been made to employ the paper 
chromatogram for quantitative estimations ; considerable success has been achieved 
in the case of the amino acids which, after elution from the paper, can be converted 
into Cu salts suitable for colorimetric determination. Some of the factors making for 
low recoveries, such as the impurities present in the filter paper, are also discussed. 


'The method of partition chromatography on paper is at present being 
developed in two different directions. New groups of substances are being 
brought within the scope of the method by the introduction of new solvent 
mixtures and modified techniques for the detection of the spots on the 
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chromatogram. In addition, efforts are being made to obtain quantitative 
recoveries of those materials whose separation is already well established. 
No attempt will be made here to list all the groups of substances to which 
the method has already been applied, its scope has already been reviewed.^ ^ ® 
The purpose of the present work is to consider, first, the conditions necessary 
for successful separations on paper chromatograms and, second, some of 
the various techniques which have been used for the quantitative estimation 
of the separated substances. For separations to take place the following 
factors need to be considered. 

{a) Choice of Solvent. — A solvent must be found partially miscible 
with water giving sufficiently different partition coefficients for the various 
substances of the mixture to be separated. In practice this can be taken 
to mean differences of at least 10 %. Where no single solvent is available 
giving adequate differences of partition coefficient for all the components 
of the mixture, a second solvent can be subsequently utilized by means 
of the two-dimensional technique.** Although many substances can be 
separated in systems of this kind in which the solvent held stationary in 
the filter paper is water, for substances of a very non-polar character, it 
may be necessary to work in non-aqueous systems. Thus Boldingh ® by 
pre-treating filter paper with latex has been able to separate esters of fatty 
acids by means of methanol. In this system the rubber itself acts as the 
immobile solvent. Boldingh has also successfully used mixed organic 
solvents such as methanol, benzene and i/i methanol acetone on rubber 
paper. He remarks that the rubber acts as a carrier for the less polar 
solvent. This is no doubt true, but as using methanol acetone the Rf 
values are considerably increased compared with those obtained with 
methanol alone, the effect of the acetone in the mobile phase must also be 
important. 

The use of aqueous systems employing mixed organic solvents as the 
moving phase has often proved necessary. Also the partition coefficients 
of the substances under separation have been modified by suitable additions 
to the aqueous phase. Systems giving convenient partition coefficients 
may be obtained in one of the following ways. 

(i) The Rf values can be changed by the admixture of a suitable proportion 
of a second organic solvent. This solvent may be completely miscible 
with water. So long as not more than enough is used for the formation 
of two phases, useful results may be expected. The effect of the addition 
of a more polar solvent is, of course, to increase the water content of the 
organic solvent phase and thus the Rj values of all types of substance. 
Results of this kind were obtained by Partridge ® who measured the Rf 
^'alues of the sugars in w-butanol and in w-butanol containing 10 % ethanol. 
Before the introduction of partition chromatography on paper this 
principle was used by Martin and Synge ^ ® when they increased the R values 
of the acetylamino acids on silica gel chromatograms by employing pro- 
gressively higher concentrations of w-butanol in chloroform. A second 
effect of the alcohol in this system was its virtual elimination of adsorption 
of the acetylamino acids by the gel. Even though most substances seem 
scarcely to be adsorbed by filter paper, in those cases, e.g., the chromatography 

‘ Consden, Nature, 1948, i6a, 359, 

2 Hais, Chem, Lisiy, 1948, 4a. 125, 

* Hais and Rdbek, Chem. Lisiy, 1949, 43, 80. 

^ Consden, Gordon and Martin, Biochem. 1944, 38, 224. 

® Boldingh. Experientia, 1948, 4, 270. 

® Partridge, Biochem. J., 1948, 4a, 238. 

’ Martin and Synge, Biochem. J., 1941, 35, I 35 «. 

® Gordon, Martin and Synge, Biochem. J., 1943, 37, 79. 
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orinorganic ions/ where such effects may be significant they are no doubt 
reduced by the admixture of more polar organic solvents. 

(ii) If the substances being separated are acids or bases their Rf values 
can be greatly influenced by adjustment of the pH of the aqueous phase. 
As an example, the effect of ammonia on chromatograms developed with 
phenol in decreasing the Rf values of the dicarboxylic and increasing those 
of the basic amino acids may be mentioned. Conversely, acetic acid has 
been used by Lugg to assist the separation of certain organic acids by 
w-butanol. Buffer solutions have also been used in a rather similar way 
both on filter paper and on silica gel chromatograms for the separation of 
the penicillins. A further advantage of the addition of buffers, at least 
on silica gel chromatograms, is that partition chromatograms can be run 
by displacement development and thus much larger amounts can be handled. 

In addition, the Rf values of certain compounds can be modified by the 
addition of substances mainly soluble in the organic solvent phase. Thus 
Winsten and Eigen have found that the Rf values in w-butanol of the 
various members of the streptomycin group could be markedly increased 
by the addition of 2 % of ^-toluenesulphonic acid. The solvent also con- 
tained 2 % of piperidine which served partially to de-ionize the basic 
groups of the streptomycins. The amount of ^^-toluenesulphonic acid used 
was such that the pH of the system (determined after the addition of an 
equal volume of water) was on the alkaline side. However, it was noted 
that separations could still be obtained if so much ^-toluenesulphonic acid 
had been used that the pH was acid. It is interesting to compare the effect 
of j!)-toluenesulphonic acid with that of ammonia in w-butanol. Thus if it 
is assumed that the increased Rf values of the streptomycins were not solely 
due to the piperidine, then ^-toluenesulphonic acid, although an acid 
substance, must have affected the system in the same sense as would be 
expected for the addition of ammonia. It seems likely that additions of 
this type have their effect both because they increase the polarity of the 
organic solvent phase and because as acids they specificaUy modify the 
ability of this phase to dissolve the substances being separated. That the 
effect is not due only to the former cause seems to be indicated by the 
observation that the addition of ^-toluenesulphonic acid to collidine 
increases the Rf values of the basic preferentially to those of the neutral 
amino acids. 

{h) Adsorption by the Paper — If the separations are to depend only 
on partition effects, the substances in the mixture to be separated must 
not be adsorbed by the paper. Fortunately few substances are strongly 
adsorbed by untreated filter paper. Perhaps the largest group of substances 
for which adsorption is likely to be important are the organic dyestuffs. 
Attempts to separate dyes by partition chromatography on paper often 
lead to resolution of the mixture. However, closer examination of the 
system may reveal that partition effects have been secondary (as is the 
case if the separation can be carried out equally well with the dry solvent). 
Adsorption chromatography on strips of filter paper of the streptomycins 
using a 2 % aqueous solution of ammonium cWoride as solvent has been 
described by Home and Pollard.^^ Unfortunately no resolution of the 
different streptomycins was obtained. 

• Arden, liurstall, Davies, Lewis and Linstead, Nature, 1948, 162, 691. 

Lugg and Overell, Nature, 1947, 160, 87. 

Goodall and Levi, Nature, 1946, 158, ^ 75 - 

Winsten and Eigen, ]. Amer. Ghent. Soc., 1948, 70, 3333. 

^3 Gordon (unpublished). 

Horne and I'ollard, J. Bad., 1948, 55, 231. 
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Among large molecules the proteins are also known to be adsorbed, at 
least from salt solutions, by filter paper. These effects will not be discussed 
further here as they may be the subject of another contribution. The 
examples mentioned may be enough to illustrate the possibility of adsorption 
in paper chromatography. This possibility should not automatically lead 
to the opposite view that the separations in all systems employing solvents 
which do not form two phases with water must necessarily be due to 
adsorption. As was first suggested to the author by Dr. Synge/® a system 
(‘mploying, for instance, pyridine and water can be considered to be a 
partition chromatogram because the effect of the cellulose hydroxyl groups 
results in the existence of a very different milieu inside the fibre from that 
of the moving phase. 

((;) Chemical Reactivity of Solvents and Paper. —The substances 
under separation must not react either with the paper or with the solvents 
used. For the amino acids and many of the other substances for whose 
separation paper chromatography has proved applicable, these criteria 
have proved to be rather easily fulfilled. However, the recent finding of 
Moore and Stein, that using i/2/i-«-butanol~»-propanol-o-i N HCl on 
starch chromatograms 6% and 7% of aspartic and glutamic acids respectively 
became esterified, suggests that closer and more quantitative examination 
of paper chromatograms in which mixtures of acids and alcohols are used 
might reveal similar effects. Cellulose itself fortunately shows little or no 
reactivity towards either the substances separable on paper chromatograms 
or the solvents used for their separation. The problem thus becomes that 
of the possible reactions which may occur between the substances under 
separation, the solvents and impurities present in the paper. This will be 
further discussed in the next section. 

(d) Techniques for Detection and Estimation of Spots. — Finally 
for qualitative work a suitable detection technique must be available. In 
practice the sensitivity, reliability and ease of application of such techniques 
may be the decisive factor in determining whether paper chromatography 
is to be used. Certainly the remarkable sensitivity of ninhydrin by wWch 
less than i [xg. of an amino acid can just be made visible has been most 
useful. The small scale of the method as a whole, e.g., 1-20 (xg. per com- 
ponent of the mixture under separation for the amino acids, the sugars 
and for the purines and pyrimidines, has the advantage that it is usually 
possible to develop as many chromatograms as there are different detection 
techniques available. Particularly when dealing with complex biological 
fiuids this type of approach by which several classes of compounds can be 
simultaneously investigated may be of value. 

If quantitative estimations are to be attempted, not only must the 
substances be located, but sufficiently accurate means must be found for 
their estimation either in situ or after removal from the paper. For quan- 
titative purposes, obviously the most suitable detection techniques are those 
which do not permanently affect the substances to be estimated. The 
most generally appUcable means by which this can be accomplished is 
certainly the examination of the spots in u.-v. light. In this way spots 
of purines, pyrimidines, amino acids and peptides can be shown up. 
Holiday has reported that as little as o*5~i (xg. per cm.* of the purines 
or pyrimidines can be detected if u.-v. light of wavelengths between 230 
and 400 mfx is used, the most important wavelengths being in the region 

Synge (personal communication). 

Moore and Stein, J. Biol, Chem,, 1949, 178, 53. 

Holiday and Johnson, Nature, 1949, 163, 2*6. 
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of 254 m|jL. Although only amounts of more than 3 fxg. per cm.^ of the 
amino acids can be detected the use of this technique has been continued 
by Woiwod.^® By this means it is possible to avoid the necessity of 
developing parallel guide chromatograms and also the most inconvenient 
process of visualizing the spots as their mercury derivatives in the case of 
the purines and pyrimidincs.^o 

The only chemical method so far reported which ultimately leaves the 
substances unchanged on the chromatogram seems to be that of Brante.*^^ 
This author has sprayed chromatograms of bases such as amino-ethanol, 
choline and creatine with an alcoholic solution of iodine. Brown spots 
are formed which disappear on being allowed to stand. Unfortunately 
this reagent is not very sensitive for the amino acids, but, as noted by Brant e, 
it may prove useful in quantitative experiments. 

Turning now to the various methods which have been used for the 
quantitative estimation of substances separated by paper chromatography, 
these may be divided into those in which the substances are estimated on 
the paper, usually as coloured derivatives, and those in which they are 
hrst eluted and then estimated in solution. The former approach seems 
only to have been employed for the coloured substances formed from the 
amino acids by ninhydrin and for substances containing radio elements. 
Thus several authors 22 23 have reported that useful rough estimations can 
be made by visually comparing the spot strengths with those of a series of 
standard spots. Attempts have also been made to increase the accuracj^ 
of this method by the preliminary division of the amino acids into acidic, 
nc‘Utral and basic types.^^ A .spc'ctrophotometer was used for estimating 
the strengths of the spots but as yet no indication has been given of the 
accurac)^ thus obtained. A spectrophotometer has been similarly used by 
Bull who has been at pains to standardize the conditions of colour 
development. Under the conditions chosen, arginine, serine, valine, glutamic 
acid, leucine, threonine, alanine and lysine gave the same amount of colour 
per mole, the probable error for a single determination being almost 9 %. 
This result is somewhat unexpected as Moore and Stein,^® who have carefully 
measured the amounts of colour formed in solution in presence of a reducing 
agent, have reported, for instance, that threonine forms only 81 % as much 
colour as does lysine. It may possibly be the case that some of the amino 
ac ids form more nearly equivalent amounts of colour in solution than on 
paper. On the other hand Bull found that glycine and methionine give less 
colour on paper than does leucine, whereas Moore and Stein indicate 
that under their conditions these three amino acids yield almost identical 
amounts of colour per mole. Possibly more thorough investigations of the 
optimum conditions for the development of the ninhydrin colour on paper 
may lead to some reduction in the rather large errors at present involved 
in this technique. Work of this kind may also explain why Pratt and 
Auclair find that glycine and glutamic acid are the amino acids giving 
visible spots at minimum strength, whereas Moore and Stein have found 
lysine to give the strongest colour in solution. 

Where substances containing radioactive isotopes have been separated 

Phillips, Nature, 1948, i6i, 153. 

Woiwod, Biochem. J. (in press). 

\ ischer and Chargaft, J. Biol, Chem,, 1948, 176, 703. 

Brante, Nature, 1949, 163, G51. 

Consden, Gordon, Martin and Synge, Biochem. J 1947, 41, 59G. 

Poison, Biochim, Biophys. Acta, T948, 2, 375. 

2* Block, Science, 1948, 608. 

Bull, Hahn and Baptist, J. Amer. Chem. Soc., 1949, 71, 550. 

Moore and Stein, J. Biol. Chem., 1948, 176, 367. 

2 ’ Pratt and Auclair, Science, 194S, 108, 213. 
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the detection technique, i.e., the exposure of successive areas of the chromato- 
gram to the counter, is itself suitable as a quantitative estimation. An 
apparatus designed for the estimation of spots containing P32 has recently 
been described.*® In order to estimate the amino acids by means of radio- 
active isotopes conditions have been worked out for their quantitative 
conversion into />-iodophenylsulphonyl (pipsyl) derivatives containing 1 * 3 =. 
After chromatography on paper nearly quantitative recoveries were obtained 
for the few amino acids tested.*® Further work on this promising method 
will be awaited with interest. 

Although techniques in which the substances are eluted from the paper 
prior to estimation cannot have the simplicity of those already mentioned, 
they would seem to offer several compensating advantages. Thus, once 
the substance is in solution it can be treated with a much wider variety of 
reagents than while it is still on paper. This should, for instance, allow 
better control of the conditions under which the ninhydrin colour is formed 
from the amino acids. Unfortunately, no attempt has been reported to 
utilize the valuable information on this subject already obtained by Moore 
and Stein.*® 

The most successful attempts to estimate quantitatively the amino acids 
involve their conversion into copper complexes. Thus Martin and Mittel- 
inann used what was essentially the method of Pope and Stevens,®^ in 
which the amino acids are allowed to react with a suspension of copper 
phosphate in phosphate-borate buffer. After centrifugation from the 
excess of copper phosphate, the amount of copper in solution was estimated 
polarographically. No attempt was made to determine the recoveries of 
the amino acids after elution from the paper, but, since the current increased 
linearly with the amount used, estimations were shown to be possible if 
several comparison chromatograms of known amounts of each amino acid 
were developed simultaneously with each analysis. The results in a test 
analysis of gramicidin S clearly substantiated the theory that this peptide 
consists of five different amino acids in equimolar proportions. Only in 
the case of one of these acids, leucine, did the amount found deviate more 
than 5 % from that expected. 

The copper method has also been used by Woiwod,^® who has modified 
the reagent by replacing sodium borate with di-sodium hydrogen phosphate. 
He has thus obtained a more stable suspension, lower blanks, and a linear 
relationship between amino nitrogen and copper. The copper has been 
estimated colorimetrically with sodium diethyldithiocarbamate instead of 
polarographicall3^ In order to obtain sufficient accuracy for those amino 
acids present as the weaker components of mixtures, the analyses have been 
conducted on larger amounts (1-50 [xg. amino nitrogen) than those employed 
i^y Martin and Mittelmann.®® In this way similar accuracies seem to have 
been achieved, and, because of the convenience of colorimetry’' compared 
with polarography, this is probably at the moment the method of choice. 
Generally Woiwod, like Martin and Mitlelmann, has employed the com- 
parative method, but in addition he has measured the losses sustained as 
an amino acid moves down the chromatogram. Thus only 86 % of the 
original amount of glycine could be recovered after the spot had moved 
10 in. down a chromatogram developed with 40 % «-butanol-io % 
acetic acid-50 % water. In partial explanation of such low recoveries, 
Woiwod mentions an interesting observation to the effect that fluorescent 

** Lind berg and Hummel, Arkiv. Keml, 1949, 1, 17. 

Keston, Udenfriend and I-^vy, /. Amer. Chem. Sor., 1047, 69, 31 

Martin and Mittelmann, Biochem. 194H, 43, 353. 

Pope and Stevens, Biochem. J., I939. 33 * 1070. 
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material can often be seen extending right down to the front of the solvent. 
He considers that this may be due to failure of the amino acid to reach 
equilibrium with the mobile phase. However, as the usual treatment with 
ninhydrin, which is believed to be capable of revealing smaller amounts of 
amino acids than are visible in u.-v. light, does not show up such streaks, 
it seems more likely that the amino acid must have been converted into a 
form no longer capable of giving a colour with ninhydrin. The existence of 
some substances in certain filter papers capable of combining with the 
amino acids is already known from the observations of Consden et al.^ on 
the formation of copper complexes of the amino acids. These are pro- 
gressively formed as the amino acids move down the chromatogram. These 
authors** have also noted the formation on paper chromatograms of a 
zinc salt of cysteic acid which like the copper complexes gives a pink colour 
with ninhydrin. The R/ values of these metal complexes are close to those 
of the corresponding free amino acids, but there seems no reason why 
there may not be other impurities in the paper which could combine to form 
complexes moving with any Rf value. The more the Rf values of such 
impurity amino-acid complexes differ from that of the amino acid itself, 
the more difficult it must be to obtain quantitative recoveries from the 
paper. The solution of these difficulties may either be similar to that adopted 
by Consden et al,^ who added a reagent to the paper which prevented the 
action of the copper by itself combining with it ; or else it may be necessary 
to employ special purification of the paper. If purification of the natural 
paper making materials proves inadequate, use may in time be made of 
papers formed entirely from synthetic fibres. 

These findings naturally raise the question of the occurrence of similar 
losses as other substances move down paper chromatograms. Fortunately, 
very accurate methods of analysis exist both for the purines and pyrimidines 
and for the sugars after elution from the filter paper. For the purines 
and pyrimidines it is only necessary to measure their absorption at the 
appropriate wavelength in u.-v. light. Both Vischer and Chargaff*® and 
Hotchkiss ** have used this method without finding necessary a comparative 
approach similar to that employed for the amino acids. They report 
accuracies of i 4 % and do not mention progressive losses. The figures 
quoted suggest slight losses for those spots which have moved further down 
the chromatograms but are hardly sufficient to be decisive. The need for 
further work on this question is apparent. 

Even more accurate analyses of sugars after separation on paper chromato- 
grams have been reported,*^ and again no mention of progressive losses has 
been made. It may not be accidental that materials similar to the matrix 
of the chromatogram can be recovered with least loss. 

Kemiska Institutionen, 

Karolinska Instituiet, 

Stockholm, 


Consden, Gordon and Martin, Biochem. J., 194O, 40, 5 So. 
** Hotchkiss, J. Biol. Chem., 1948, 175, 315. 

Flood, Hirst and Jones, J. Chem. Soc., 1948, 1679. 
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A short account lias been given of aspects of zeolitic sorption which are important 
in separating molecuhar mixtures. Some natural crystalline zeolites fall into three classes 
of molecular-sieve sorbent each capable of separating mixtures by selective occlusion 
if there are suflicient differences in shape and dimensions between the molecules in the 
mixture. The molecules removed by occlusion must always be comparatively small, 
but separations may be quantitative after a single exposure to the zeolite. 

By cation interchange and by burning out interstitial ammonium ions a diversity of 
modified molecular-sieve sorbents can be produced with extension of the classification 
as molecular sieves into numerous classes, the potentialities of wliich as selectively sorbing 
media have not yet been fully investigated. Moreover, by operating at low temperatures 
major differences may develop in the sorption rates of gases all of which are rapidly 
sorbed at higher temperatures, and in which there are only smnll differences in molecular 
dimensions. 


Zeolites have sometimes proved very suitable for resolving molecular 
mixtures.^ ^ Complete separations can often be effected, but to use the 
crystals effectively one must be acquainted with their sorbent and molecular- 
sieve properties. In the present summary, factors determining these 
properties will be described, for natural and artificially modified zeolites. 

Some General Properties of Gas-sorbing Zeolites. — Crystalline 
zeolites act as sorbents only when the water normally present in interstices 
within the crystals has been removed by heat and evacuation. Not all these 
minerals are, however, capable of taking up gases and vapours in place of 
the interstitial water. There are three structural types of importance from 
the viewpoint of the sorptive property : — 


Bonding in two dimensions weaker than that in 
the third. 

(Fibrous zeolites.) 


Scolecitc 

Natrolite 

Edingtonite 

Thomsonite 


Bonding in layers stronger than that between 
layers. 

(Laminar zeolites.) 

Bonding strong in all dimensions. 

(Robust three-dimensional network zeolit(‘s.) 


Heulandile 

Stilbite 

Chabazito 

Gmelinite 

Mordenitc 

Analcite 

Harmotome 

Levynite 


Fibrous and laminar zeolites tend to shrink when interstitial water is 
removed, and this shrinkage may be irreversible if the heating is too severe. 
If the heat treatment during outgassing is more gentle, water may be 
resorbed, or its place may sometimes be taken by the small polar molecule 
NH3. However, these minerals do not occlude non-polar gases, and have 
no general power of sorption. Robust network zeolites, on the other hand, 
may occlude both polar and non-polar gases copiously, although even here 


^ Barrcr, 7. Soc. Ghent. Ind., 1945, 64, 130 and 133 ; Brit. Pat. 548,905 i 
2,306,610, 

* Baner and Belchetz, /. Soc. Chem. Tnd., I945» 131* 

135 



136 


SEPARATIONS USING ZEOLITIC MATERIALS 


there is a wide variety in the accessibility of the interstitial volume. Harmo- 
tome and, as a rule, analcite sorb only small polar gases ; mordenite and 
lev3mite sorb many small molecules, and gmelinite and chabazite occlude a 
still greater variety of sorbates.® ^ ® ® 

No zeolite has hitherto been discovered wliich will occlude really large* 
molecules, and although a number still remain to be investigated it is unlikely 
that any crystalline zeolite will prove capable of doing so. In order for this 
to be the case the aluminosilicate framework would have to be so open that 
instability would almost certainly ensue, with collapse of the whole structure 
into a crystal more economical of space and so of higher density. Never- 
theless the chabazite lattice, based on a comparatively open aluminosilicate 
framework, is surprisingly stable, and at least one purely synthetic zeolite 
has been made by hydrothermal methods with a stable framework just as 
open as that of chabazite.’ ® This zeolite has no naturally occurring counter- 
part, and there remains the possibility that other synthetic open framework 
crystals may be grown, with the limitation on the degree of openness noted 
above. As a group the gas-sorbing zeolites are therefore capable of sorbing 
only smaller molecules, and their potential value in chromatography is for 
removing such smaller molecules from admixture with larger ones. 

Molecular -Sieve Properties of Zeolites. — Several researches have been 
directed towards establishing the molecular-sieve behaviour of some zeolites 
and also towards the artificial modification of this behaviour.^ 2 s 9 10 
molecular-sieve properties to be described refer to thoroughly outgassed 
finely powdered zeolites, but with an outgassing temperature inside the 
range of thermal stability of the crystals. Variable outgassing conditions 
can strongly influence the molecular-sieve behaviour. 

Several sorbate molecules of fairly accurately known shape and dimensions 
were used to determine the accessibility of the crystalline interstices as 
sorption sites. ^vSoButane, propane, ethane, methane, argon, nitrogen and 
oxygen were used for this purpose, and three categories of molecular-sieve 
crystal were characterized : 


Class I 

(Chabazite, gmelinite, 
synthetic zeolite BaAlSigO^./^HgO). 


Class II 
(Mordenite). 


Do not sorb /SO-C4HJ0 (and other 
«e-paraffins). Sorb CJUg (and 
other w-paraffins) slowly at room 
temperature or above, and sorb 
CgHe, CH4 and molecules of 
smaller cross-section rapidly. 

Do not sorb n- or wo-paraffins. 
Sorb CgHe and CH4 slowly and 
Ng and molecules of smaller cross- 
section rapidly at room tempera- 
ture or above. 


Class III Do not sorb n- or ^^o-paraffins. 

(Ca- and Ba-mordenites). Negligible sorption of CgHg and 

CH4. Rapid sorption of N2, Oo 
and molecules of smaller cross- 
section at room temperature or 
above. 


® Barrer, Proc. Roy. Soc. A, 1938, 167 , 392. 

* Barrer, Trans. Faraday Soc., 1944, 40 , 555. 

* Barrer and Ibbitson, 1944, 40 , 195 and 206, 
® Barrer, Ann. Reports, 1944, 31. 

’Barrer, J. Chem. Soc., 1948, 127. 

^ Barrer and Riley, ibid., 1948, 133. 

® Barrer, jyans. Faraday Soc., 1949, 45 , 35«- 
Barrer, Nature fin press). 
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It was demonstrated that the shape rather than the molecular volume of 
the sorbate exercises the decisive influence upon the sorptive behaviour. 
I'he cross-section referred to in the above classification of several zeolites 
is that normal to the direction of the greatest length of the molecule. For 
all ^-paraffins this cross-section is the same in their most extended configura- 
tion. Since chabazite, for example, slowly occludes the standard molecule 
propane, it should slowly occlude all w-parafiins. This was verified using 
//-butane, w-pentane and n-heptane. Increasing the chain length exerted 
a secondary influence in further slowing down the velocity of intracrystalline 
diffusion, but as sorption equilibrium was approached large amounts of all 
the w-paratfins studied w^ere occluded. ^/-Heptane has a considerably larger 
molecular volume bxit a smaller cross-section than ^’sobutane which is 
completely excluded from the intracrystalline sorption sites. 

Again, the standard molecule fsobutane, CH(CH3)3 is as noted not sorbed 
by chabazite ; and accordingly other molecules of similar shape and size 
such as CHCI3 and CHBra are also not sorbed. On the other hand the 
molecules (dCH2Cl, CICH2CH3, BrCHaCHg and BrCHgBr which have similar 
shapes and dimensions to CH3CH2CH3 are like propane slowly occluded 
by chabazite. Many other examples of predictable behaviour were observed 
and the sorptive action towards a variety of species is summarized in 
Table I. 

Selective Sorption from Mixtures. -The molecular-sicve property of 
zeolites would suggest that clear-cut separations could be obtained in 
molecular mixtures of which one constituent was freely occluded by the 
z(‘olite, while the other constituent, having the wrong molecular dimensions, 
was not occluded. Proof of this simple principle docs not appear to have 
been published before 1945, but since then the possibility of such separations 
has been abundantly verified.^ 2 s methods of verification were 

employed. In one — the static method — a quiescent gas or liquid mixture 
was brought into contact with the out gassed zeolite, and after an interval 
of time the non-sorbed gas or liquid was removed and its compo.sition 
investigated.* The second procedure^ — the percolation or chromatographic 
method —consisted in passing a gaseous or liquid mixture through a column 
of outgas.sed zeolite, and investigating the composition of the effluent. This 
method which was employed only in one or two instances (with C2H8-C3Hg 
and CH2CI2-CHCI3 mixtures) can undoubtedly be extended, and chroma- 
tograms might be developed for suitable molecular mixtures. 

Tlie actual separations carried out have been given elsewhere 1268 
we may therefore only make some general comments upon them. Class I 
molecular-sieve sorbents (chabazite, and .synthetic BaAlSi208.nH20) can be 
used to separate n-paraffins of lower molecular w^eights from all fso-paraffins, 
aromatic hydrocarbons or naphthenes. In these same sorbents methane 
derivatives, in which the substituents are small groups such as -NHg, -OH, 
-CH3, -CN, -Cl, are rapidly occluded, and similarly substituted ethanes are 
slowly occluded. Quantitative separations of these species are usually 
possible from compounds which, like iso-paraffins or aromatics, are excluded 
from the sorption sites (e.g., column 4, Table I). 

In mordenite, a Class II sorbent, methane derivatives in which the substi- 
tuents are as before, -NHg, -OH, -CH3, -CN, -Cl, are slowly occluded, 
but the similarly substituted ethanes are not sorbed, so that separations 
were possible of substituted methanes from the corresponding substituted 
ethanes, as well as from many other species as given in Table I. In the 

* The time-intervals ranged from an hour to more than a week and the temperature 
from 20° to 250° C according to the occlusion velocity of the sorbable component, and 
its thermal stability. 
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TABLE I 

Molecules Occluded or Excluded by Three Classes of Molecular Sieve 


— 

1 

T3rpical mole- 
cules rapidly 
occluded at 
room tempera- 
ture or liolow 

Typical molecules 
moderately rapidly 
or slowly occluded at 
room temperature or 
above 

T5^ical molecules 
which are not 
appreciably occluded 
at room temperatiin? 
or above 

Section (i) 

He, Ne, A 

CgHg and simple higher j 

Aromatic hydrocarbons 

Class I minerals 


n -paraffins 

cyclo and iso-par- 


H*. Ng. O2 

C3H,.0H 

affins. Derivatives of 


CO. CO2 

CjH.NH. 

these hydrocarbons. 


COS. eSa 

CjHBF.CaHBCl, C^H^Br 

1 Heterocyclic com- 


HjO 

I3, HI 

pounds (e.g., thio- 


HCl. HBr 

CHjBro 

i phene, pyrole, pyri- 


NO 

CH3I 

dine). CHCI3, CCl,. 


NH3 
[ CH3OH 

C3H3CN 

CHCl = CCI2. 
CH^CHCl*, 


CH3NH2 

CH3CN 

C3H3SH 

' CHCl2CCi3, CaClft, 

and analogous bromo 


HCN 

H.COOCH3, HCOOCgH, 

and iodo compounds. 


Clj 

CH3CI. ClT^Hr 
CH3F 

CHjCOCHs 

Secondary straight 
chain alcohols, thiols, 
nitriles and halides. 


CHaCla, CHjFa 

CHjCO.OCHa 

i Primary amines with 


CH4. C3H,. 
C3H3 

CH2O 
! HjS 

CH,SH 

, j 

NH(CH3)3. NH(C2H,)2 

j 

! NHj group attached 
to a secondary carbon 
atom. Tertiary am- 
ines. Branched chain 
ethers, thio-ethers and 
j secondary amines 

Section (ii) 

He, Ne. A 1 

CH4,C3H,; i 

All classes of molecules 

Class II minerals I 

H,, 0 „ N, j 

CH30H j 

1 in columns 3 and 4 of 

1 

I 

1 

i 

1 

I 

CH3NH2 i 

CHjCN i 

CH,C 1 , CH3F 1 

HCN 

CI2 

section (i) 

! 

Section (iii) 

He, Ne 

A 

All molecules referred 

Class III minerals 

H,. O3. N3 

HCl 

to in column 4, section 


H3O 

NH, 

(ii). Also CH4. C^Ue., 
CHsOH, CNjNH*. 


CHsSH, CHjCN. 
CH3CI, CH3F 


case of Class III sorbents the separations effected were of smaU p)olar 
inorganic molecules (HgO, NH3, HCl) from organic compounds. 

Some partial or complete separations were also effected using zeolites in 
which both components were sorbed but at different velocities. Using 
chabazite these included the pairs C2He-C8H8, CHgOH-CaHgBr, C2H5OH- 
n-C7Hj6, CaHgOH-CHaBrg, CHgCN-CHaBra, the molecule first mentioned 
being occluded most rapidly. A number of separations were also carried out 
which could not be effected by direct distillation, either because the mixtures 
were azeotropic pairs (H2O-C2H5OH, CH3OH-CH3COCH3, HaO-dioxane, 
CS2-CH3COCH3, CaHgOH-w-C^Hie, CaHgOH-toluene) or because the 
constituents had nearly the same boiling points (w-heptane-isooctane). 

Artificial Modification of Molecular-Sieve Sorbents. — ^Water, which 
is strongly sorbed by zeolites, by occupying sorption sites which would 
otherwise be accessible to other sorbates, can greatly dimmish not only the 
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Li-mordenite Li- and Ba-inordenitc 



Fig 1. — Relative sorption rates of each of several sorbates in levynite and in a series 
of mordenites modified by base exchange. A great measure of control over the 
soi^ption mte can Ive exercised by a suitable choice of base-excliange inordtmite. 


amount but also the velocity of sorption and the molecular-sieve character 
of the crystals. This behaviour has been studied in any detail only with 
chabazite/^ which was progressively transformed from a Class I sorbent 
into one whose properties more nearly recalled a Class III sorbent. Although 
a small amount of water might be a useful modifying agent, larger amounts 
by depressing the sorptive capacity of the zeolite unduly would have a 
poisoning effect. Indeed, other strongly occluded polar molecules sometime.^ 
appear to act as poisons and limit separations of mixtures which in their 

Lamb and Woodhoiisc. J. Atiiey. Chem. Soc., 1036, 58, 2037. 

Emmett and DeWitt, ibUL, 1943, 65, 1253. 
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absence could easily be resolved. In resolving mixtures of w- and iso-par- 
affins, for instance, the gases should be free of moisture or other small polar 
molecules capable of preferential sorption and so of acting as poisons. 

Other methods of modifying the zeolites have now been evolved which are 
free from objections. The first of these is by cation interchange.® In 
many zeolites exchange occurs freely although higher temperatures are 
usually needed than is the case with amorphous or gel zeolites such as 
Permutit. Thus exchange is best carried out by hydrothennal methods * 
in the temperature range iso^'-zso® C using an excess of the exchanging 
salt. In this way, for instance, the ions in chabazite have been largely 
replaced by Ca, Sr, Ba, NH4, K, Cs, Na and Li ; and similarly mordenites 
enriched in Ca, Ba, NH4, K, Na and Li have been prepared. In analcite 
exchange is more specific, the replacements Na ^ K ^ NH4 occurring readily, 
wliereas exchanges which aimed to introduce Ca, Ba, Cs and Li occurred 
at best onl}^ to a very limited extent. 


Oo 



Fui. 2. — Examples of the molccular-sicve action of Ba- and Ca-mordeiiites towards 
dilieront simple gases, as expressed by selectivity in the rates of sorption at 
- iSV' E and -7S° C. 


A study of the cation-exchanged mordenites established that, within 
limits set by the anionic aluminosilicate framework of the crystal, the 
(‘xchange process yields a group of sorbents with a range of molecular-sieve 
properties. The powdered crystals gave very diverse sorption rates as Fig. 1 
indicates. Although these rates are liable to be modified by a mean particle 
size which may have differed from one of these sorbents to another, the 
range in values of the constant Dja^ (a = mean radius of particle, D — 
diffusion coefficient) is greater than anything to be anticipated on this 
count. In general, in any one sorbent the rate sequence which tended to 
be preserved was Kr<A<N2<02, Ne<H2<He, while the affinity between 
sorbent and sorbatc w^as approximately in the converse order. 

By cooling the sorbents to low temperatures (— 78°, — 186°, — 195° C) 
one may often greatly alter the vsorption rate of one gas relative to 
another,** and also augment the amounts of each gas occluded at equili- 


Barrer, J. Chcni. Soc., 1948, 2158. 
Idem, Nature, 1947, 159, 508. 


* Except in the case of NH4+, when vapour-phase exchange is the simplest procedure, 

using NH4CI as exchanging salt. Exchange by heating the zeolite with fused low- 
melting salts is also often very satisfactory. 
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brium. Examples of the differences in sorption rates are indicated in Fig. 2, 
which illustrates the magnitude of the molecular-sieve effect, even where 
the dimensions of the diffusing molecules differ only slightly. 

A second method of altering the dimensions of the interstitial channels, 
and hence of modifying the molecular-sieve behaviour of zeolites, is limited 
to ammonium ion -exchanged crystals which are capable of occluding oxygen 
gas.^® It has been found possible slowly to oxidize the ammoniiiin ions 
with oxygen gas at ^ 350^^ C : 

4(~ O NH4^) + 3O2 = 4 (- OH) i- OHaO f 2X2. 

Since the — OH group occupies a smaller volume than the - O . . . . NH^ ' 
group this method, as far as it has been investigated, has led to ciy'stals 
with more readily accessible or more open intracrystalline channels than 
occurred in the parent NH4-zeolites. A great deal of study remains to be 
done before the potentialities of the ion-exchange and oxidation methods 
are fully evaluated in the production of special purpose sorbents for effecting 
molecular-sieve separations of particular mixtures. It has, however, already 
been shown possible to produce a great diversity of graded molecular sieves, 
and that quite small modifications may result in important variations in 
relative sorption rates, variations which may often be augmented still more 
by an appropriate choice of tlie experimental temperature. The production 
of modified zeolites already seems to have reached a point permitting separa- 
tions of species in which only minor differences in dimensions arise (N2-O2; 
A-O2 ; A-N2 ; Ne~H2, etc.) although actual separations have not yet been 
carried out,* 

Activation and Poisoning of Zeolites. — It has already been pointed 
out that the zeolites should be used as finely divided powders which are 
well outgassed, because the interstitial water may modify the amounts and 
velocities of occlusion. Several attempted separations using chabazite and 
involving acetone proved to be unsuccessful, perhaps because acetone which 
was sorbed only excessively slowly nevertheless blocked the entrance to the 
interstitial channels and prevented uptake of species which in absence of 
acetone would have been fully occluded. Little systematic work has yet been 
done on interference effects which may arise between individual pairs of 
molecules both of which are sorbed but at different velocities. In general 
one would expect such interference to be less important if the rapidly 
diffusing species were more polar than the slowly diffusing molecule because 
the polar species should show a higher affinity for the intracrystalline sites 
and so a greater interstitial concentration. The zeolites can also be poisoned 
when one constituent of the molecular mixture* tends to decompose at the 
temperature of the experiment giving carbonaceous deposits on the surface 
of the sorbent particles. Such deposits can be burnt off using air or oxygen 
and the sorptive power of the zeolite restored at least in part. 

Chemistry Department, 

Marischal College, 

The University, 

Aberdeen. 


W ork is now in progre.ss concerned with this aspect. 



MODIFIED ACTIVATED CARBON ADSORBENTS FOR 
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The properties ol ii and l carbons are bricfl}^ discussed and summarized, and a dis- 
tinction drawn bt'tween tlie short- and long-range adsorptive forces of activated carbons. 
Adsorption of electrolytes on l carbons is due to elcctrovalent and short-range forces 
in alkaline solutions, and to short-range forces alone in acid solutions. The addition of 
some non-elcctrolj'tes increases the selectivity of tlie adsorbent and a theory is proposed 
ascribing the effect to a change in the dielectric constant in the vicinity of the carbon 
surface. Fatty acid films on l carbon behave as non -electrolytes in acid solutions, 
but form salts with cations in alkaline solutions. Cations may be salted out onto an 
L carbon surface at a low pH by the addition of suitable counter ions to the solution. 
A new technique for continuous fractional adsorj)tion is briefly described. 


It is the purpose of this paper to describe the preparation, properties 
and use of activated carbons modified in such a manner that they are suitable 
for use in chromatographic processes and in a new continuous fractional 
adsorption column technique at present under development by the author. 
The proposed mechanism of adsorption on modified adsorbents may be 
useful in interpreting reported anomalies encountered in partition 
chromatography. 

Theories of Adsorption on Activated Carbon 

Michaelis and Rona ^ proved the adsorption of electrolytes on activated 
carbon to be an exchange phenomenon. In 1929 Kruyt and de Kadt ^ 
suggested, and Schilow and Tschmutow^ developed the oxide theory 
according to which activated carbons adsorb cations and anions by salt 
formation with surface acidic and basic oxides ; however, basic oxides of 
carbon of a corresponding stability are unknown in organic chemistry. 
Frumkin and co-worker ^ proposed an electrochemical theory in which 
an aqueous suspension of carbon in the presence of molecular oxygen acts 
as an oxygen electrode, becomes positively charged, and permits the 
adsorption of anions. Objections to this theory are that a completely out- 
gassed carbon activated at 1000° C can adsorb hydrochloric acid even 
in the absence of molecular oxygen, and that an exponential relationship 
between the partial pressure of the oxygen in the system and the adsorption 
of anions cannot be experimentally demonstrated. 

Bartell and Miller,^ King ® and Steenberg,^ have shown that activated 
carbons may be classified as cither l or h carbons. Steenberg, who confirmed 

' Michaelis and Rona, Biochem. Z., 1920, 102, 268. 

- Kruyt and de Kadt, Kolloid-Bcih., 1931, 3a, 249, 

^ Schilow and Tschmutow, Z. physik. them. A, 1930, 148, 233. 

^ Bruns and Frumkin, Z. physik. them. A, 1929, 141, 141. 

, Bartell and Miller, J. Physic, them., 1924, 28, 992. 

King, J. them. Soc., 1937, 1489. 

" Steenberg, Adsorption and Exchange of Jons and Activated Charcoal (Alinquist and 
Wiksells, Uppsala, 1944). 
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their results for h carbons, defined an l carbon as one that could, and an H 
carbon as one that could not adsorb sodium hydroxide from an aqueous 
solution. 

The Properties of H Carbons. — Steenberg showed that anions were 
adsorbed by van der Waals' forces on h carbons whereas cations were 
adsorbed electrovalently by L carbons and distinguished between ions 
primarily and secondarily adsorbed on h carbons. Primarily adsorbed ions 
are those held to the carbon surface by the short-range adsorptive forces 
and which attract a diffuse ionic atmosphere of secondarily adsorbed counter 
ions. The secondarily adsorbed inorganic ions, but not the primarily 
adsorbed ions, can be exchanged for other inorganic ions depending on their 
position in the lyotropic series and the concentration of the exchanging 
ions. Application of the Boltzmann distribution law to the adsorption of 



ions on h carbons yields a relationship between the primary adsorption of an 
ion and the concentration and valency of its counter ions. Similar ideas 
were independently advanced by Weiss, * who was unaware of the work of 
Steenberg, and who showed that an activated carbon containing primarily 
adsorbed oleic acid functioned as an ion-exchange adsorbent for 5-amino- 
acridine cations. 

Steenberg has also shown that all inorganic anions (with the exception of 
the hydroxyl ion), but no inorganic cations (with the exception of the 
hydrogen ion) can be primarily adsorbed ; and thus the adsorption of hydro- 
chloric acid by h carbons is due to the primary adsorption of hydrogen ions, 
and the secondary adsorption of chloride ions. Similarly the weak primary 
adsorption of chloride ions accounts for the weak adsorption of sodium 
chloride by an h carbon although it cannot adsorb sodium hydroxide. 
Primary adsorption of inorganic ions is reduced by the adsorption of organic 
ions, irrespective of their electrical charge. 


8 Weiss, Nature, 1948, 372. 
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The pH variations ® associated with adsorption of salts on rt carbons 
can be interpreted in terms of the Donnan equilibrium. When the activity 
of the secondarily adsorbed or counter ions is comparable with that of the 
hydrogen or hydroxyl ions of water, competitive secondar}^ adsorption 
with the counter ions occurs, with a resultant alteration in the pH of the 
original aqueous suspension. If the salt concentration of the suspension 
is increased this competitive effect diminishes. 

The Properties of L Carbons. — l carbons may be prepared at lower 
activation temperatures than h carbons as shown by King ® and Steenberg.’ 
Low activation temperatures produced l carbons, the alkali-adsorbing 
capacity of which increased with decrease in activation temperature and 
which was shown by Weller and Young ® to vary inversely with its ability 
to adsorb acid. The pH of aqueous suspensions of L carbons so prepared 



decreased with decrease in activation temperature and suggests that the 
degree of surface oxidation increases with decrease in activation temperature, 
an assiimption supported by the analytical data of Weller and Young. 

Hauge and WiUaman and Sastri showed that typical activated 
carbons, presumably L carbons, exhibited maximum adsorption of electro- 
negative substances from aqueous solutions at a low pH, and of electro- 
positive substances at a high pH. The adsorption of these electrolytes was 
a minimum in the region of a pH zone termed the isoelectric zone but the 
adsorption of electrically neutral substances was unaffected by pH. Olin, 
Lykins and Munro deduced from catophoretic experiments that l carbons 
iire electrokinetically negative at high pH values but electropositive at low 
pH values. 


• Weller and Young, J. Anter. Chem. Soc., 1948, 70, 4155. 

Hauge and Willaman, Ind. Eng. Chem., 1927, 19, 943. 

” Sastri, Quart. J. Indian Set., 1942, 5, 107. 

Olin, i-ykins and Munro, Ind. Eng. Chem., 1935, *7, 690. 
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The Adsorptive Forces on Activated Carbons. — It is important to 
distinguish between the short- and long-range forces of adsorption operating 
at a carbon surface. The short range or van der Waals' forces only extend 
a distance of about 5 A from the surface and are highly specific, being greatly 
influenced by the molecular configuration of the adsorbate and adsorbent. 
The long-range or electrovalent forces of adsorption, which arise from 
ionization of a chemically bound radical on the carbon surface or from 
primarily adsorbed ions, extend to distances up to 100 A from the carbon 
surface and are relatively non-specific. 

Modified Activated Carbon Adsorbents 

The properties of activated L carbons may be utilized to prepare versatile 
modified adsorbents. A film of non-electrolyte or fatty acid, defined as the 
modifying agent, is adsorbed on the carbon. The adsorption and desorption 



of electrolytes from aqueous solutions may then be closely controlled by pH 
adjustments and the possibilities of preferential adsorption are enhanced. 
The adsorption of 5-aminoacridine, a conjugated basic molecule, and 
streptomycin, a non-con jugated basic molecule, has been studied on these 
modified adsorbents. The addition of undecyl alcohol to an l carbon enable s 
strong electrovalent adsorption of 5-aminoacridine to occur at pH 9, but the 
adsorption decreases with decrease in pH to a minimum value below which 
adsorption increases with further decrease in pH. Adsorption in this low 
pH region is probably due to the short-range forces, a view supported b\^ 
comparison of the adsorption of 5-aminoacridine and streptomycin on 
modified adsorbents in this pH region. Adsorption of streptomycin on films 
of oleic acid supported on hydrophobic glass or h carbon has shown that tht‘ 
acid film behaves as a cation exchange adsorbent over a limited range of 
pH, but that at low pH values the oleic acid film behaves in an essentially 
similar manner to the carbon modified with undecyl alcohol. Similar 
behaviour occurs when the oleic acid is supported on an l carbon but is 
complicated by the electrovalent forces arising from dissociation, under 
alkaline conditions, of the surface acidic oxides of the carbon. 
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Addition to Non -electrolytes to L Carbons. — Fig. 1* shows the 
relation between pH and the adsorption of 5-aminoacri(fine hydrochloride 
on an L B.D.H. carbon and on this carbon modified with undecyl alcohol. 
The curves show that modification with undecyl alcohol reduces the adsorp- 
tion of the organic cation, particularly at pH 2*8, the pH of minimum 
adsorption. At this pH the surface oxides of the carbon are only slightly 
ionized, and the carbon behaves as an h carbon. 

The effect of the alcohol is considered to be threefold ; it competes with 
the cations for adsorption by the short-range forces, it acts as a solvent 
for the cation, and it reduces the dielectric constant in the immediate vicinity 
of the carbon surface. Since the alcohol may form a hydrogen bond with the 
heterocyclic nitrogen atoms of the 5-aminoacridine to produce an alcohol- 
acridine complex at the carbon surface, carbons modified by the addition 



of small amounts of undecyl alcohol may be pictured as consisting of primarily 
adsorbed acridine ions surrounded by alcohol molecules which prevent the 
further approach of hydrated acridine ions from the solution. Equilibrium 
is reached when the tendency for the primary adsorption of the 5-amino- 
acridine ions is counterbalanced by the electrostatic repulsive forces of the 
interfacial potential produced by adsorption, and the electrically charged 
carbon surface may be regarded as one plate of a condenser. Addition 
of undecyl alcohol diminishes the dielectric constant in the vicinity of the 
carbon surface, so reducing the primary adsorption of ions necessary to 
maintain the equilibrium electrostatic repulsive force. Increasing the alcohol 
film thickness reduces the effect of lowering the dielectric constant in the 
vicinity of the carbon surface since a greater proportion of the approaching 
ions will be surrounded by a liquid of the same dielectric constant. 

In addition to their effect on the dielectric constant in the vicinity of the 
carbon surface, the alcohol molecules probably competitively displace some 
of the adsorbed 5-aminoacridine ions from the carbon surface. If the 

* The curves were obtained by equilibrating 0*05 g. samples of the modified adsorbent 
with 10 ml. aliquots of the solution, centrifuging, and estimating the 5-aminoacridine 
in the supernatant liquid at 390 my, in a Beckman spectrophotometer. 
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effect of the imdecyl alcohol were only to produce a film in wliich the cations 
were soluble, so that adso^tion of the cations were simply a partition between 
two solvents, the adsorption of 5-a-minoacridine should increase with increase 
in alcohol concentration whereas the experimental results show that the 
reverse actually occurs. When the adsorbed ions are completely immiscible 
with the modifying adsorbate film, zero adsorption of the ions will occur if 
the modifying adsorbate is more strongly adsorbed. 

These concepts are supported by some observations of Steenberg ^ who 
showed that Nile Blue adsorbed on an h carbon was desorbed on shaking 
with a benzene-water emulsion since Nile Blue is insoluble in benzene. When 
atabrin was primarily adsorbed instead of Nile Blue, no desorption occurred 
after shaking with benzene and water, since atabrin is soluble in benzene. 



The increase in adsorption of 5-aminoacridine as the pH is raised from 
the minimum at 2*8 results from ionization of the acidic surface oxides, 
which increases the electrostatic negative charge, so attracting additional 
5-aminoacridine ions to the carbon surface where some are adsorbed primarily 
by the short-range forces, and others are adsorbed electrovalently to form 
an ionic atmosphere in the vicinity of the ionized oxide groups. Hence the 
adsorption of 5-aminoacridine will increase with increase in pH to a maxi- 
mum, where complete ionization of the surface oxides occurs. The primarily 
adsorbed ions will in turn attract an ionic atmosphere of chloride or 
hydroxyl ions. 

The observations of Steenberg with h carbons show that the primary 
adsorption of an ion can be increased by increasing the valency or concen- 
tration of its counter ions. Increasing the chloride ion concentration by 
the addition of hydrochloric acid increases the primary adsorption of the 
5-aminoacridine hydrochloride below pH 2*8 : here the carbon behaves 
essentially as an h carbon. Fig. 2 compares the adsorption of 5-aminoacridine 
on the L carbon (Nuchar), modified with undecyl alcohol, when the pH is 
adjured with hydrochloric or with sulphuric acid, and shows that the same 
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amount of primary adsorption of 5-aminoacridine occurs with a lower 
concentration of sulphate than chloride ions. Hence the pH for minimum 
adsorption of a cation on an l carbon depends on the degree of surface 
oxidation of the carbon, and on the nature of the anions present in the 
solution. 

These findings are in agreement with the experimental results of previous 
investigations on the adsorption of electrolytes on activated carbons : 
the addition of suitable modifying adsorbates merely increases the selectivity 
of the adsorption. Further, these conclusions account for the observations 
of Olin, Lykins and Munro,^^ mentioned above, on the electrokinetic properties 
of L carbons, which are governed by the net electrical charge at the carbon 
surface. Increase in the valency or the concentration of the counter ions will 
decrease the positive elect rokineti(' potential by reducing the extent of the 
diffuse double layer. 



The Adsorption of Cations on Fatty Acid Films on Glass and H 
Carbons. — Fig. 3 shows the relation between pH and the adsorption of 
Squibb's streptomycin hydrochloride ♦ on a hydrophobic glass powder t 
modified with oleic acid and shows that oleic acid adsorbed at a hydro- 
phobic surface can act as a cation exchange adsorbent for streptomycin 
over the pH range in which oleic acid is ionized. The weak adsorption of 
streptomycin below pH 4 may be due to hydrogen bonding between tin* 
hydroxyl groups of the streptomycin and the undissociatcd carboxylic groups 
of the acid. 

Fig. 4 shows the relation between pH and the adsoq)tion of streptomycin 
on a steam-activated h carbon modified with oleic acid. Unlike tho hydro- 


Titus and Fried, J. Biol. Chem., 1948, 174, 57. 

* The streptomycin solutions were assayed by the maltol method of Titus aiul 
Fried.« 

fin the experiments discussed in this section hydrophobic glass powder was prepared 
by treating glass powder with a benzene solution of Drifilm, a silicone preparation. 
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phobic glass powder modified with oleic acid, adsorption is almost complete 
in the higher pH range although streptomycin should be present as the 
free base in this pH region. Exposure of the h carbon to benzene vapour 
before modification with oleic acid resulted in a relatively high adsorption 
of streptomycin at pH 8-10 although it might be expected that the surface 
would behave in a similar manner to that of the hydrophobic glass modified 
with oleic acid. 

The Adsorption of Cations on Fatty Acid Films on L Carbons. — 

Fig. 5 and 6 show the relation b(‘tween pH and the adsorption of 5-amino- 
acridine hydrochloride on B.D.H. l carbon modified with a fatty acid. 
At pH 2*8 the unionized fatty acid functions similarl}’ to undecyl alcohol 
and the increased adsorption of 5-aminoacridine with decrease in pH is due 
to the effect of the anions added during pH adjustment. The effect of 
iiTcreasing the pH on the adsorption of 5-aniinoacridine is twofold : as the 
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pH is increased above 2-8, 5-aminoacridinc is adsorbed elect rovalently 
both by the oleic acid and the surface oxides. Above pH 9-10 the ionization 
of the 5-aminoacridine is reduced, and the free base is precipitated onto the 
carbon surface. Fig. 7 and 8 show that the adsorption of the streptomycin 
cation on Nuchar and B.D.H. carbon treated with oleic acid does not increase 
with decrease in pH, possibly since the streptomycin cation with its carbo- 
hydrate structure has no affinity for, and lannot be primarily adsorbed in 
the hydrophobic oleic acid film. 

Discussion 

The foregoing results demonstrate that the adsorptive properties of 
activated carbons may be modified in a great many ways by the addition 
of a suitable modifying adsorbate. An h carbon can be converted to a cation 
or anion exchange adsorbent with an exchange capacity comparable with that 
of the synthetic ion exchange resins. Many substances other than oleic 
acid may be used as modifying adsorbates. Thus the modification of an h 
carbon with picric acid, methyl dioctylamine, or a quaternary ammonium 
d}’estuff produces an exchange adsorbent capable of removing inorganic 
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cations, acids, or anions from aqueous solutions. Application to the 
adsorption of organic ions is more limited since a modifying adsorbate must 
be chosen which is not desorbed by the organic ions to be exchanged. 
Exchange of organic ions is greatly influenced by the short-range forces 
of adsorption, and hence by the molecular structure of the modifying 
adsorbate. A judicious choice of modif5nng adsorbates permits the prepara- 
tion of ion exchange adsorbents of great versatility and selectivity, and which, 
unlike the S5mthetic ion exchange resins, do not swell upon change of pH, 
a feature of considerable practical interest. 

The difficulty of desorbing a material after adsorption on activated carbons 
may be overcome by either of two general methods. The carbon containing 
the adsorbate can be shaken with an emulsion in water of an organic liquid 
in which the adsorbate is insoluble, so expelling the adsorbate into the 
aqueous solution. This technique, which can be used for non-electrolytes as 
well as for electrolytes, enables higlily concentrated eluates to be produced 



with the use of a very small volume of organic solv^ent, but has the dis- 
advantage that the carbon is not simultaneously regenerated. The alternative 
procedure is to modify an l carbon with a suitable adsorbate film with which 
the materials to be adsorbed are partially miscible. Adsorption and desorption 
of electrolytes on such an adsorbent can then be controlled by adjusting the 
pH or ionic strength of the solution. Adsorption at a liigh pH takes 
advantage of both the short- and long-range adsorptive forces of an l carbon 
surface, and can be used to separate cations from anions and non-electrolytes. 
Adsorption at a low pH in the presence of a suitable modifying adsorbate 
utilizes the more selective short-range forces. For example, 5-aminoacridine. 
can be adsorbed in the presence of oleic acid at pH 2, whereas streptomycin 
is completely desorbed at this pH, although both are strongly adsorbed 
at pH 9. 

' These adsorbents possess two important properties ; desorption by pH 
adjustment results in simple regeneration of the adsorbent and a suitability 
for use in a continuous fractional adsorption technique at present being 
developed in this laboratory. For use in this technique, modif5dng adsorbates 
must be chosen which not only confer the desired adsorptive properties 
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on the cmbon surface but also condition it for froth flotation. The 
floating ** adsorbent may be contacted continuously in a column with 
a descending liquid stream containing the substances to be fractionated. 
The feed solution is introduced midway in the fractionating column, and 
divides it into rectifying and stripping sections. Rectification is obtained 
by maintaining a pH gradient over the rectifying section, in which a partial 
stripping of the adsorbate occurs as the adsorbent ascends. The adsorbate 
retained by the adsorbent at the top of the rectifying section is desorbed 
by a further pH adjustment, enabling the whole operation to be conducted 
in an aqueous solution and the adsorbent to be re-cycled. 

The author gratefully acknowledges the able assistance of Miss H. Doery * 
with the experimental streptomycin work and A. L. Odgers with the 
remaining experimental work. The work described in this paper is part 
of the research programme of the Chemical Engineering Section of the 
Division of Industrial Chemistry, C.S.I.R.O., Australia. 

Division of Industrial Chemistry, 

C.SJ.R.O., 

Melbourne, 

Australia, 

* An ufticer of the Commonwealtli Soruni Luboratori«’s. 


GENERAL DISCUSSION * 


Dr. A. J. P. Martin [Medical Research Council i'nit, London) said The 
easy separation of cis and trans isomers of carotenoids on adsorption columns 
contrasts with the almost complete identity of behaviour of oleic and elaidic 
acids on partition columns. Is information available as to partition coefficients 
of the carotenoid isomers ? Since all the isomers would seem to allow easy 
approach of solvent molecules from all sides, little difference in partition coefficient 
would be expected. 

Prof. L. Zechmeister (California) said : Dr. Martin has asked the question 
whether classical chromatography or partition chromatography is more efficient 
in the separation of cis-trans isomers. This question cannot be answered at the 
present time, since, because of the high efficiency of ordinary chromatography, 
the partition method has not yet been tested. However, it seems to be useful 
to make the following comments. 

We may differentiate between (a) morphologically sensitive stereo- isomeric 
sets (for example, a single trans-^cis rearrangement may thoroughly alter the 
molecular shape of a polyene), and (b) morphologically less sensitive sets (for 
example, the overall shape of a sugar molecule is not essentially altered by 
epimerization) . It is suggested that the chances for successful resolutions of 
stereo-isomeric mixtures by classical chromatography are greater for type (a) 
than for (ft). 

Prof. A. Tiselius (Uppsala) said : The results reported by Prof. Zechmeister 
and Prof. Brockmann appear to me to be particularly valuable as an illustration 
of what factors are of importance for the selectivity of adsoq)tion chromato- 
graphic methods. In this connection I would like to raise the question which 
of the two phenomena, adsorption or partition (and one ought also to include 
ionic exchange), is the most specific— a question which should l^e of great practical 
importance in the planning of work in this field. 

Dr. A. Klinkenberg (The Hague) said ; In the paper by Stewart data have 
been given on the band-widening caused by the passage of a fluid through 


On remaining papers of Section 1. 
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a packed column. 1 should like to draw attention to the following way of approach 
to a description of this phenomenon, worked out for the case of a linear isotherm.^ 

The authors of theoretical papers on chromatographic adsorption and other 
percolation processes, such as transient heat transfer in a packed bed, ignore in 
their calculations the disturbing effect of non-uniformity of forward velocity 
and then develop a differential equation involving a constant value of this velocity. 
Of course the velocity in reality varies from wall to axis in any capillary and 
it will also differ for pores of different radii. 

1 separated this effect from the other cause for the levelling-off of concen- 
tration gradients, viz., the finite rate of mass transfer (non-attainment of equili- 
brium), by studying cases, where mass transfer was definitely ruled out. To 
this end solvent was displaced by solution, or vice versa, in a packing of non- 
porous particles of 80-100 mesh. The effect was quite considerable. The plot 
of the effluent concentration against volume collected resembled the S-shaped 
curve of the probability integral. 

This can l>e understood with the aid of the following model. The packing 
is assumed to consist of layers of particles, the passage through each of which 
producing a certain distribution of times of passage. Complete mixing occurs 
between layers, so that successive distributions are nncorrelated. The distri- 
bution of times of passage for the aggregate of many layers will then approach 
a (iaussian probability curve, i.e., an instantaneous introduction of solute will 
give rise to a Ciauss curve in the effluent and a concentration jump to the 
probability integral. The same of course applies to distributions in terms of 
volumes of effluent. 

Another approach is obtained by introducing an apparent diffusivity 

where Df, particle diameter, 

V -- mean linear velocity calculated on free space, 
c ~ dimensionless constant, characterizing the packing, 

as has been made by .Schmidt and Damkohler ^ for radial conduction of heat and 
Hernard * for radial transport of solute. 

This again leads to (Gaussian distributions, provided the column is long enough, 
liut for the interpretation of the dimensionless constant the equations are 
identical. The value of v is found to have no effect on the distribution, and the 
standard deviation of the distribution, expressed in volumes of solution, is 
proportional to the square root of height H over particle size Dp. 

Some very fine examples of Gauss curves arc indeed to be found in literature, 

(i) Wcil-Malherbc, ^ benzpyrene in light petroleum containing 3 % of benzene, 
percolated through silica. 

(ii) Moore and Stein,® partition chromatography of amino acids on starch. 
The values of the constant c calculated from these curves were of the same order 
as, and certainly not much higher than, the c values obtained from displacement 
experiments in non-porous beds, packed with good care. It was therefore 
concluded that the disturbing effect, caused by the variations in forward velocity 
may be an important contribution to the total band-wddening. 

It is recalled that the stage concept (Martin and Synge ®) and the concept 
of finite rate of mass transfer (Schuniann-Furnas theory) for long columns 
also lead to Gauss distributions, so that it is impossible to decide on a mechanism 
on the strength of a single observed curve. The number of stages calculated 
according to Martin and Synge is closely related to the number of layers of 
particles, HjDp ; in fact, it is found to equal Hl2cDp. 

1 'rends other than those given by Levi have been developed in Holland 
since 1943, when an independent discovery of partition chromatography was 

^ To be published in Trans. Faraday Soc. 

* Damkohler, Z. Elektrochem., 1936, 43, 859. 

® Bernard, Thesis (Princeton Univ., 1948). 

^ Weil-Malherbe, J. Chem. Soc., 1943, 303. 

® Moore and Stein, Ann. N.Y. Acad. Sci., 1948, 49, 161. 

® Martin and Synge, Biochem. J., 1941, 35, 1358. 
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made by Van Dijck and a patent application filed. Subsequently through refer- 
ences, Martin and Synge’s work became known. 

We tried to do away with adsorption as a disturbing factor more radically 
than did Martin and co-workers, and used non-porous solids with adhering 
liquid, e.g., in a typical experiment a packing consisting of 222 ml. of sand 
(70-120 mesh), 27*5 ml. water and 104 ml. of an ether-pentane 50/50 mixture. 
With this packing hydroquinone and pyrocatechol were separated successfully. 
The packing was obtained from a water-filled sand by displacement by the 
organic liquid. 

In order to have the polar liejuid moving, the oleophilic solid carborundum 
was used, which is commercially available in carefully screened fractions. Benzene 
in this case was the stationary fluid. With suitable buffer mixtures as the moving 
fluid the system was used for some separations of alkaloids. 

Mr. C. D. Cook (Widnes) said : I would like to confirm certain observations 
made by Mr. Stewart on the subject of band widening as the solute travels down 
the column. As Mr. Stewart has pointed out, theory has it that the volume of 
the band should not increase during elution, but, using compounds with linear 
isotherms and the partition systems, (a) w-hexane-nitromethane-silica, and 
ib) chloroform- water-silica, 1 have found that the rate of increase of the volume 
of the band in the percolate was proportional to the volume required to elute 
the maximum concentration of the solute. Although the volume of the band 
was dependent on the \vcight of the solute in the sample, it was independent of 
the partition coefficient. 

It was found possible to derive a simple, linear expression, based on experi- 
mental work, to calculate the volume of the band in the percolate when {a) the 
volume required to elute the maximum concentration of the solute, {b) the 
weight of the solute present, and (r) certain characteristics depending on the 
silica and solute are known. 

The volume of the band was found to increase slightly when the rate of flow 
f)f the eluent was caused to decrease from 5 ml. /min. to 50 ml. /hr. A rapid 
increase in the band width was observed when the rate of flow^ was further dimin- 
ished from 10 ml. /hr. to 1 ml. /hr. This rapid band widening was, I believe, 
partially due to vertical diffusion. The volume of the band, likewise, increased 
with increasing volume of the solution of the sample vhen loaded on to the 
column. 

By varying the weights of silica, nitromethane and using components of 
differing partition coefficients, the follov\ing expression was derived : 

r,.;- r,.-f 1) . • • (I) 

P 

where Vp -- the volume required to elute the maximum concentration of the 
solute, 

— the gel volume, 
w = wt. of silica, 
p ■“ density of silica, 

AT = volume of immobile phase, 
a = the partition coefficient. 

This expression, which has been found to be obeyed with considerable accurac y, 
is identical to the Alartin and Synge expression : * 


i)ut I believe it is in a more useful form. 

Since the volume of the band is dependent on Vp (eqn. (i)), it is essential 
that a silica of low gel volume be used to effect a maximum resolution of two 
components whose partition coefficients do not differ appreciably. We, therefore, 
consider that the gel volume of silicas of similar sieve range is one of the more 
important characteristics of a silica used in partition chromatography. I hope 
to have more to say on the characterization of silicas used in partition chroma- 
tography at a later date. 


’ Martin and Synge, Biochew, 1941, 35, 135S. 
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Dr. E. Glueckauf (A.E.R.E,, Harwell) {communicated) : It usually requires a 
fair amount of kinetic experimental data to decide, in the case of non-«^uili- 
brium, whether grain-diffusion (I) or diffusion through a liquid film (II) is the 
rate -determining factor. It may therefore be of interest to know that in the 

case of isotherms concave 
against the c-axis the form 
of a self-sharpening front 
boundary obtained during 
frontal analysis has a dif- 
ferent form, according to 
which of these processes is 
predominant. It follows from 
eqn. (3). (3c) and (4) of our 
paper ® that in these two 
cases this boundary has the 
forms I and II (see Fig.) re- 
spectively, which should make 
recognition easy. We were 
able to confirm this by experiments with ion-exchangers using greatly different 
concentrations. Using all possible starting points C'l" Cg® we get thus two 
families of curves in a Ci-Cg diagram. Examples in the case of two isotherms arc 
shown ® in Fig. 2 and 3. 

Mr. B. A. J. Lister and Dr. J. F. Duncan {A.E.R.E., Harwell) said : The 
results of Mr. Krcssman and Dr. Kitchener suggest that under a given set of 
conditions one mechanism of diffusion only is operative and that film-diffusion 



Elution boundary in the case of non -equilibrium due 
to I grain-diffusion, II liquid -film diffusion. 



Particle diffusion equation curve for the uptake of cerous ion on Zeo-Karb 215 
from o-i N Ce(N08)3 solution. 


“ Glueckauf, Barker and Kitt, This Discussion. 
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and particle-diffusion kinetics are sufficiently different to be readily distinguished 
by conformity to one of two equations. 

An examination of the graphs in their paper shows that in almost every case 
illustrating particle diffusion (Fig. 7 (a), 8 and 9) the experimental points at 
lower values of QtlQ^ do not fall on straight lines passing directly through the 
origin but deviate from linearity in a regular manner. Curve 7 in Fig. 6 is 
described as film mechanism although it does not appear to differ essentially 
in shape from curves drawn through the experimental points illustrating particle 
diffusion in Fig. 7, 8 and 9. A completely different mechanism does not appear 
to be necessary especially since experimental points were determined only over 
the range 0*2 < Qt/Q^ < 0 9. 

An examination of some results (B. A. J. L.) on the rate of uptake of cerous 
ion on Zeo-Karb 215 (among other exchangers) shows a similarly shaped curve 
(see Fig.). Here a linear portion in the particle diffusion curve was obtained but 
this was not directed immediately towards the origin. The slower initial uptake 
has also been found by Kressman and Kitchener although not emphasized in 
their graphs. It may be due to a variety of causes such as swelling, variation in 
the diffusion constant, slow saturation of the surface with cations or simultaneous 
occurrence of film and particle diffusion. Further experimental work is necessary 
to distinguish between these. It appears more difficult, therefore, than is suggested 
to differentiate between the two mechanisms and it seems to us that they may 
o\'crlap more generally than has been supposed. 

Dr. J, A. Kitchener {London) said : In reply to Mr. Lister’s comments on our 
paper, we cannot agree that there is any real difficulty in practice in differenti- 
ating unambiguously between the particle- and film-diffusion mechanisms in a 
given case. (The only possible exception to this statement is in those rare 
circumstances where the transitional region between the two mechanisms 
happens to be met. Even then, the /-mechanism is clearly indicated since 
neither P- nor F-kinetics fit.) In every case so far investigated the form of the 
kinetics— which is used as the first test of mechanism — has proved to have given 
the correct indication of mechanism when interruption tests have been applied. 

For example, consider the case questioned by Mr. Lister, namely, the 
NH4‘^ — Na+ exchange at 25° C. If it is not immediately apparent that curve 7 
in lug, 6 (h) is of distinctly different type from those normally obtained for 
particle diffusion (which should be clear since curve 7 ciHs curve 8), at least 
when the alternative graph is plotted for the same data (see line 4, Fig. 7 {h)) 
the excellent straight line now obtained over the whole range of the exchange gives 
conclusive indication that the data conform to F-kinetics. 

If further proof should be required, examine the results of interruption tests 
on the same system. These are included as crosses in curve 2, Fig. 5. Interrup- 
tion is seen to be entirely without effect. Consequently, the process is unques- 
tionably controlled by film diffusion. 

There are thus always three criteria, not one, namely, {a) the results must 
conform to one set of kinetics, {h) they must deviate from the other, and {c) they 
must behave appropriately in interruption tests. In some cases, too, as we have 
shown, there is also the added confirmation — though never really needed to 
prove the mechanism— of the influence of stirring. All these criteria must lead 
to mutually consistent conclusions, which can therefore be accepted with 
complete confidence. 

With regard to the fact that exchanges of the P-type have always tended to 
give a slow beginning (as can be seen in all our V^-graphs in Fig. 7 (c), 8 and 9 
and by the departure of the results from Paterson’s theoretical equation, men- 
tioned in the paper), there is now no doubt that the effect is due to slow swelling 
of the initially air-dried resin grains when they are first immersed in the solution. 
Measurements of the mean grain cross-sectional area have been made by a 
photo-electric method, and have shown a slight swelling which is practically 
complete in about two minutes. Thi^value is qualitatively consistent with the 
amount of " lag ” revealed by the \//-graphs. 

It is interesting that this extraneous complication of swelling provides 
unexpected additional evidence in support of the two clear-cut mechanisms. 
This comes about as follows. Alt those results which indicate P-mechanism 
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show the above-mentioned slow beginning with gradual acceleration as the 
particle swells. In contrast, all those exchanges which conform to F-kinetics 
(Fig. 6 {a) and 7 (6)) show no sign whatever of acceleration : even the earliest 
points lie well on a straight line passing through the origin. This is exactly what 
is to be expected, since changes of rate of diffusion inside the particles should 
have no effect on the kinetics when the rate-controlling process is diffusion 
through a bounding Nernst film. The influence of swelling therefore provides 
a fifth line of evidence in determining the mechanism of exchange. 


Dr. J. F. Duncan and Mr. B. A. J. Lister (A.E.R.E., Harwell) said : Since 
our paper was written further information has become available concerning the 
results of other workers who have determined mass products in ion exchange 
systems. These are summarized : 

(a) Davidson, Argersinger, Stoenner and Lowen ® have obtained a curve of 
similar shape to Fig. 6 for the sodium-hydrogen exchange system, the maximum 
occurring at — 0-23, and the slopes on each side of the maximum being 

somewhat greater. 

[h) Strickland has also obtained a maximum for the sodium-hydrogen system 
using Dowex-50, and a coarse Zeo-Karb, but not with a finely divided Zeo-Karb. 

(c) Reichenberg has obtained a falling value of for large values of 
(using a sulphonated polyst3n*ene) , but did not obtain a maximum. 

(d) Marinsky and (,'oryell observed values of which rose from — o 

to about 0-1 (using 40-100 mesh Dowt*x-5o) in agreement with our observations 
(using 100-250 Dowex-50) but no decrease in '^as observed at higher values. 
The cerium-hydrogen mass-product plots obtained by these workers (using a 
molar fraction concept) were similar in form to that obtained in the lanthanum- 
ammonium system (Fig. 5), constant values of being obtained o\xt the range 
10"* < A'ce^ < Similar curves were also obtained for the barium- and 

calcium-hydrogen s57stcms. The barium system was quite different from the curve 
of Fig. 4. 

For the copper-hydrogen system, we have found that the value of the mass 
product (using both eqn. (3) and (10)) slowly approaches a constant value as 
X (or X) becomes zero. Jf the barium -hydrogen system were studied at a low 
enough concentration presumably the /\^ value would behave similarly. 

In view of these discrepancies, it is reasonable to suppose that tlie conditions, 
or materials used by various workers differ in some unknown manner. In par- 
ticular, behaviour at low values of the molar fraction of the metal ion seems 
anomalous, and in this respect the results of Strickland are significant. That 
changes in the volume of the exchanger are a contributory factor we do not 
doubt, since swelling of the exchanger has been shown to take place in the zinc- 
uranyl exchange system (see below). VVe do not, however, consider tliat this is 
the whole explanation of the anomalies reported abo\'c. 

Investigations of the effect of swelling have been made on the zirc-uranxl 
exchange system, for which values of 





(where the symbols are the same as described above) have also been ck te^x mined 
by gravimetrically estimating the. loss of uranium from a mixture of zinc and 
iiranyl nitrates of known total concentration when equilibrated ^vith an exchanger 
of known capacity. The mass product in solutions of 0*2 N was found to vary 
from 0*6 to 1*90 (o-io < Xzn^ < 0-90) and passed through a maximum about 
= 0*25. A curve of similar shape was also observed at a concentration of 

2 N. 

The size of spherical pieces of the exchanger was observed under the microscope^ 
after allowing them to stand for one hour in solutions containing different ratios 


® Techn. Report Office Naval Res. N.R. 057158 (University of Kansas, February, iL 949 )- 
Private communication. 

Private communication. 

Private communication. 
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<)l zinc and uranyl ions at the same total concentrations. Although a wide 
scatter was observ ed it is clear that the volume of the exchanger also passes 
tlirough a maximum at roughly the same values of + as the maximum 
r»btained in the mass product plot. In solutions of 0-2 N the volume varies by 
about 5 % over the whole range of Xzn^ \ 

If one assumes the exchanger to consist of free cations bound by a solid anion 
in an aqueous phase, volume changes of this order would produce a concentration 
cliange which would seem to be quite ade(iuate to account for the observ^ed 
\ ariation of the mass product, even if it is valid to assume that the thermo- 
dvnamic eciuilibrium constant is independent of the ion concentration in the 
exchanger. Small changes of dilution of the ions in the exchanger will cause 
large clianges in the activity coefficients (since the solutions in the exchanger 
will be greater than 4 N) and it is unlikely that the ratio of the activity coefficients 
of the ions would be constant. 

Mr, J. D. H. Strickland [Royal Arsenal, Woolwich) said : May I take this 
opportunity to mention brielly some of the results that we have recently obtained 
during an investigation of monovalent ion exchange (chiefly K' . NH4 ' and 
ions) on a sulphonated phenol formaldehyde and a sulphonated cross-linked 
polystyrene resin. Our findings largely support those of Duncan and luster and 
in addition may throw some light on the apparent anomalies in the results of 
\ arious workers in this field. 

fhe expression 



should be equal to the mass law product K of an exchange such as : 

K -1 !-H+ (I) 

or 

\ ... (2) 

provided iliat the solutions are sufficiently dilute for activities to be equated 
U) concentrations in the aqueous phase. Khjthing definite is known at present 
concerning activities of the ions in the resin phase and any variations of these 
arc best included in the value for /\. 

I'his expression for K can be very dependent upon what experimental data 
are used in its evaluation, especially wdicn Xj^ is very small or very large or when 
the total ionic concentration of the solution is small in comparison whth the 
exchange capacity of the resin. When Xr is .small we find indications of the 
* hump ’ in the plot of K against Xr that is show n in h'ig. 6 in the paper by 
Duncan and Lister. We, like they, used an experimental technique which 
measured A' directly and it is assumed that A'5, etc., are known. These experi- 
ments not only measure ‘ true ’ exchange but also any adsorption of the 
exchanging ion (c.g., K+) that may have taken place. Such adsoqition can 
have a very marked effect on the constant when Xr is small, even although 
the adsorption docs not amount to more than about i % of the exchange capacity 
of the resin. 

When w^e made measurements of K at Xr = o-i to 0-2, using a technique 
which measured the change of H ^ or NH4' in solution, the constant again 
appeared to have exceptionally high values but these could only result from 
cither true exchange or true exchange plus desorption of traces of the exchanged 
lull (c.g., or NH4') from the resin. When solutions of known composition 
were equilibrated with a resin and then analyzed we found (at Xr^ 0-2) that 
slightly more H ‘ or NH4 ^ came off the resin than went on. In short, during 
ion exchange both true exchange and the adsorption and desorption of traces 
of cationic material are probably occurring. Adsorption phenomena of any 
likely magnitude will generalK' speaking have little eftect on K but under some 
circumstances can cause apparently large and contradictory variations, according 
to the experimental conditions and data used. 

For the rest of the K — Xr plot, we find that with eqn. (2), K is remarkably 
constant as shown by Kressman and Kitchener, but that wdth exchanges 


Kressman and Kitchener, J, Chem. Soc., 1949 , 
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involving hydrogen ions (e,g., eqn. (i)) this is not the case. K decreases with 
increasing Xj^ (even with the Li+ exchange) and with the phenol formaldehyde 
resin this is particularly marked at values exceeding 0*9. 

We consider that the relative availability of exchange sites on the resin to 
each of the exchanging ions has bearing on these phenomena and that although 
with certain exchanges a mass-law product may be valid over most of the 
isotherm, this will notin general be the case. I fully support the plea of Dr. Duncan 
for more work in this field and for more agreement upon definitions. As things 
are, only a very guarded and critical use should be made of so-called thermo- 
dynamic equilibrium constants. 

Prof. C. W. Davies {Aberystwyth) said : Before examining special explana- 
tions for the variations found in the K values for exchange equilibria, it is worth 
looking in more detail into the simplest possible picture of the process, and its 
consequences. If the resin is to be regarded as a homogeneous phase in Duncan 
and Lister’s experiments, the usual Donnan equations for the totribution of the 
diffusible ions lead to 



on this basis the K of Duncan and Lister’s eqn. (2) would be unity. 

If now V is the volume in litres of resin phase containing one equivalent of 
exchanging groups, and X is the fraction of these associated with barium, 

(«Ba)R = fB^Xl 2 V, 

where /'ga is an activity coefficient (volume concentration scale) for the ion in 
the resin phase. Writing the activity of the hydrogen ion in the same way we get 

2(1 -A)* Uoa's /'Ba « 

This equation is similar to Duncan and Lister’s eqn. (6) and (10), and clearly 
a mass-action “ constant ” is going to vary with changes in v and in the activity 
coefficient ratio ; v will undergo large changes with alterations in the extent of 
swelling of the resin ; and the activity coefficient ratio is also a much more 
important term than has often been supposed, for no matter how dilute the 
solution may be the ionic strength of the resin phase will be high. 

If we traverse Duncan and Lister’s Fig. 2 from right to left, the substitution 
of hydrogen for barium, other things being equal, will almost certainly cause 
the activity coefficient ratio, and therefore K, to rise ; on the other hand, a 
substitution of two diffusible H ions for one Ba ion will increase the swelling and 
cause K to fall ; and in addition to these two opposing effects, the ionic strength 
of the resin phase will change enormously as we traverse the diagram, causing 
further unpredictable changes in the activity coefficient ratio. The experimental 
curves do not therefore appear surprising. 

Incidentally, we can get an approximate idea of the magnitude to be expected 
for K on this simple picture. At an ionic strength of 3*0, the mean activity 
coefficient of barium chloride is 0-389, whereas that of 0 0 1 N HCl in barium 
chloride solution is 0-823.^® So for this comparison 

THCl/TBaCl, “ 7*8. 

If we take this as a very rough indication of conditions in the resin phase, and 
as the value of i/v is about 4 g.~equiv./l. a K value of around 20 to 30 for this 
bi-univalent exchange appears quite reasonable. 

Dr. J. F. Duncan (A,E.R,E,, Harwell) said ; Since the value of may vary 
50 % or more with concentration and the ratio of the exchanging ions, it 
becomes difficult to assess the affinity of any ion for a given exchanger without 
comparing the values of at corresponding points on the mass-product plot. 
Values of K^^ quoted in the literature hitherto should therefore be considered as 

Cf. Bauman and Eichhom, J . Amer. Chem, Soc., 1947, 2830. 

Tippetts and Newton, J . Amer. Chem. Soc., 1934, 56, 1675. 

Hamed and Geary, J . Amer. Chem. Soc., 1937, 59, 2032. 
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approximate only, unless the range and concentration in which has been 
determined have been quoted. To avoid further confusion in this matter in 
the future it seems logical to compare the affinities of ions by quoting the value 
of iiC^withresp^t to a constant reference ion (say, hydrogen) at infinite dilution 
of both ions, with one of the ions at infinite dilution in the exchanger. Thus, 
for copper we propose to quote the value of with respect to hydrogen obtained 
when the concentrations of copper and hydrogen in solution are zero, and 
xcuj^ and = o. This requires considerable experimental effort to determine 
and it is possible that at low concentrations adsorptive phenomena become 
significant, but we consider that this mass product at least has some meaning 
being unconfused by such variables as concentration, ion ratio and swelling. 

Dr. J. A. Kitchener (London) said ; According to the evidence presented 
by Dr. Duncan and Mr. Lister, no authors have yet found a method of c^culating 
thermodynamic activity ratios for ions in the resin phase ; mass-action ** con- 
stants,” by whatever means calculated, are apparently not accurately constant 
over the entire range of an exchange.^’ While sympathizing with the desire which 
has been expressed to find some standard condition and expression for presenting 
equilibrium results, I do not favour the choice of “ infinite dilution ” as the 
standard state. A non- thermodynamic mass-action product is not fundamentally 
sounder at infinite dilution than elsewhere, and the very dilute range is experi- 
mentally less accessible and practically less useful. For purposes of tabulation, 
the “ constant ” for half-exchange might be the most sensible. 

It is still true that the mass-action product is approximately constant for a 
limited range. It therefore has some practical utility for that range. For the 
present, one cannot do better than to present results as some kind of clearly 
defined ” constant ” with careful statement of the experimental conditions to 
which it applies (e.g., a mean over a stated range of resin or solution composition). 
Where the accuracy of the data justify, the variation of this ” constant ” with 
conditions can be recorded as in the paper of Duncan and Lister. Such ” con- 
stants ” are obviously of limited theoretical value, but they still provide the 
most concise means of recording the experimental results for purposes of com- 
parison and practical calculation. 

Dr. R. W. Richardson (Braintree, Essex) said : The paper of Kunin and 
Myers has shown the part played by the microstructure of the resin in ion- 
exchange and I would like to emphasize the importance of this point as it seriously 
limits the practical usefulness of the method in some cases. 

Studying the absorption of the free sulphonic acids of azoic direct cotton 
dyestuffs (preliminary note submitted for publication elsewhere) I have found 
that the largest dye acids are rapidly absorbed by Deacidite B to a low final 
equilibrium figure, this presumably being absorption at the surface of the resin. 
With a decrease in the molecular size a point is reached at which a slow diffusion 
into the structure of the resin begins. Progressively smaller dye acids from this 
point show an increasing rate of absorption to equilibrium figures wliich rise 
correspondingly. 

If sulphuric acid is taken as completely saturating all the available ion-exchange 
centres then there exists a decrease by a factor of looo in the extent of at sorp- 
tion in the case of the large Sky Blue FF (Colour Index No. 518) sulphonic acid, 
a dyestuff which it is assumed reacts only at the surface, 100 for the substituted 
naphthalene-azonaphthalene and 15 for the benzene-azobenzene molecules. 

For the larger dyestuffs, the acidic properties of the sulphonic acid groups 
were shown to be little affected by the presence of the weakly basic aromatic 
amino groups. The extent of sulphonation did not appear to alter the relative 
positions of equilibrium absorption within the series studied ; presumably the 
size of the molecule plays a more significant part in determining the absorption. 
It is of the utmost importance therefore that new exchange materials be developed 
with as porous internal structures as are compatible with practical hydraulic 
properties. 


Cf. Kressman and Kitchener, J. Chem. Soc., i 949 « 1190. 
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Dr. A. Wassermaim (London) said : The study of adsorption properties of 
highly swollen alginate gels, from a thermodynamic and kinetic point of view, 
is of interest because it indicates suitable methods of an investigation into the 
adsorption properties of other biologically important materials of similar degree 
oi swelling.^* The paper by Shepard and Tiselius describes experiments in which 
proteins are taken up by an inorganic adsorbent, I believe that it is also of 
importance to measure the adsorption of simple inorganic and organic substances 
on proteins, under continuous flow conditions, similar to those prevailing in 
chromatographic analysis. Such experiments involving fully swollen myosin 
gels of specified nitrogen and potassium or calcium content are carried out by 
Mrs. M. L. R. Harkness, who could show that this muscle protein is a typical 
cation-exchange material, the overall effect depending inter alia on the relative 
rate of inter- and intramolecular ionic metatheses.^® We intend to carry out 
experiments with a view of finding out (a) whether these cation-exchange reac- 
tions at constant pH give rise to alterations in the molecular shape of the 
adsorbents similar to those observed with fully swollen alginate fibres,®® and 
(ft) whether these protein gels can be utilized to separate mixtures of certain 
substance the analysis of which cannot easily be carried out by the conventional 
chromatographic methods. 

Mr. D. K. Hale and Mr. D. Reichenberg (I'eddington) (communicated) : 
We would like to draw attention to the important question of the extent to which 
anions can diffuse into a cation-exchange resin. This has been investigated by 
Bauman and Eichhorn,®^ who concluded that the concentration of excess elec- 
trolyte within the resin was considerably less than the concentration outside, 
although the results were not in complete agreement with the simple Donnan 
theory. We are indebted to Dr. W. C. Bauman for pointing out to us that the 
increase in rate of exchange observed with increasing hydroxyl ion concentration 
might he accounted for by the diffusion of hydroxyl ions into the resin and the 
neutralization of hydrogen ions within the resin phase. We do not consider our 
own experiments decisive on this point but the agreement between the results 
obtained with N NaOH and 2 N NaOH solutions (Fig. 8) suggests that, with the 
resin we used, a limiting rate of exchange is reached at a hydroxyl ion concentra- 
tion of M or below. Whether this limit is due to the elimination of hydrogen ion 
film diffusion as we have suggested, or to some other cause remains an open 
question. The extent of diffusion of excess electrolyte into the resin phase must 
also be considered in the determination and interpretation of affinity constants. 

Dr, A. Wassermann (London) said :* In collaboration with Mr. Mongar a 
microcalorimetric method has been developed which enables an estimation 
to be made of heat effects accompanying the interaction between filter paper 
strips, fully swollen with water (the dry weight of the paper was about 6 mg.) 
and 0-02-0-04 cm.® of the electrolyte solution. It could be estalbished that the 
heat of swelling of the filter paper in water is markedly different from the heat 
of swelling of the same paper in the electrolyte solution, there being no irrever- 
sible reaction between the cellulosic material and the salts. 


Cf. Wassermann, Nature, 1946, 158, 271; 1948, 161, 562. Ann. Botany, 1949, 

*3. 79. 

A description of this work will be given in the near future, preliminary reports 
having been submitted on 21st September, 1949, to the Secretary of the Depart- 
tnent of Scientific and Industrial Research. 

Mongar and Wassermann, Nature, 1947, * 59 - 74 ^- Mac Arthur, Mongar and 
Wassermann, Nature, 1949, 164, no. 

Bauman and Eichhorn, J . Amer. Chem. Soc., 1947, ®9» 2830. 

The technique is a modification of that used by Hill (see e.g., Proc. Roy. Soc. B, 
193^. i3fi) for a study of heat effects accompanying electrically stimulated 
contractions of frog sartorii. 

** The carboxyl value of the paper was so small that ion exchange did not occur to 
any appreciable extent. 

♦ In connection with a remark by Prof. Tiselius relating to filter-paper partition 
chromatography. 
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Dr. E. Heymann (Melbourne, Australia) (communicated) : The information 
obtained from investigations of equilibria between cation exchange resins and 
electrolytes in solution can be supplemented by investigation of the electric 
conductivity of swollen plugs of resin containing various cations.®* We use a 
conductivity cell in which the resin is packed between perforated platinum 
electrodes. This cell allows of replacement of one ionic species by another in 
the same plug. We investigate sulphonic acid resins. 

The hydrogen resin and the alkali metal resins are fairly good conductors of 
electricity, of the same order as dilute solutions of strong electrolytes. The 
conductivity of these resins is roughly proportional to the mobility of the 
respective cations in water. This suggests that these cations are weakly bound in 
the resin. 

Resins containing bivalent cations show much lower conductivities than the 
first group, and there is no proportionability between resin conductivity and 
mobility of the cation in water. Resins containing cations of higher valency are 
poor conductors. Obviousl)'^ these ions arc bound more strongly than the univalent 
ones. Our investigations suggest the following series of strength of binding in 
the resin Amberlite IR- loo : 

Th*+ > La®+ > Ba ' + > Ag^ > Ca+ * > Mg^ + > alkali metal ions ^ H ^ 

This series is similar to that obtained by Boyd, Schubert and Adamson from 
equilibrium studies. 

It is probable that the conductivity of the swollen resin plugs is not solely 
determined by the strength of binding, but different degrees of sw^elling of resins 
containing various cations may 'also have an effect. These effects are under 
investigation at present. 

Dr. D. J. Crisp (I.C.l. Paints Division) (communicated) : It is wwth drawing 
attention to the phenomenon of exchange in ionized surface films, which represent 
in certain respects the most simple of ion-exchange systems. Hitherto when 
experiments have l)een described in which the ionic composition of the substrate 
below the film has been changed, emphasis has l)een placed upon the resulting 
changes in surface pressure and surface potential, rather than upon the exchange 
of small quantities of ions betw^een the monolayer and the solution. As a result, 
processes which are strictly ion exchanges have not been presented from this 
standpoint, but have been termed “ adsorption ” (in the case of simple and 
polyvalent ions) or “ penetration ” (wdth organic ions) as though the addition or 
entry of a new- ionic species were the onl}'^ process taking place. 

The use of charged monolayers to elucidate details of ion-exchange phenomena 
may prove very useful by making possible the measurement of certain charac- 
teristics of the system which are not readily observed with solid ion exchangers. 
For example, the phase- boundary potential indicates that as the concentration 
f)f one ionic sj^ecies of opposite sign from that of the monolayer is increased, 
there is at first a simple exchange of ions followed by a reduction in the thickness 
of the double layer ; the relative concentrations at which exchange occurs with 
different monovalent organic ions is simply related to the van de Waals’ inter- 
action of the ion with the film.®® The advantages of using such systems may be 
summarized thus : 

(a) Virtually instantaneous equilibration between the monolayer and solution. 

(b) Exchanges between the film and solution do not sensibly affect the con- 
centration of the latter. 

(c) The monolayer represents a two-dimensionally homogeneous exchange 
system in which all sites are equivalent to one another. 

(d) The capacity of the film may be regulated by altering its specific area. 

(e) Changes in surface pressure or surface area resulting from ion exchange 
are two-dimensional analogues of swelling phenomena in solid exchangers, and 
are easily measured. 

(f) The phase-bounbary potential can be determined. 

** Heymann and O'Donnell, J. Colloid Sci., 1949. 

Boyd, Schubert, and Adamson, J. Amer. Chem. Soc,, 1947, ^ 9 * 2818. 

®® Crisp, Surface Chemistry (Butterworths, 1949), p. 65. 

F 
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As a useful cation-exchange monolayer, the a-halogenated fatty acids with 
1 6- 1 8 carbon atoms may be recommended. These are well ionized in neutral 
solution — as distinct from the unsubstituted fatty acids — and are not excessively 
soluble as are the sulphonic acids — and therefore produce well-ionized but quite 
stable monolayers. 

Prof. A. Tiselius (Uppsala) said: It seems to me that the combination of 
partition and displacement methods applied V)y Dr. Levi offers very great promise 
on account of its extremely high specificity. The losses due to irreversible 
adsorption (for example on charcoal) have somewhat limited the use of the dis- 
placement development so far, but one may perhaps hope that such losses would 
be considerably less on a partition column. 

A similar procedure applied in filter-paper partition chromatography might 
offer a means of making this method quantitative, as in displacement develop- 
ment, so that the length of a zone is proportional to the amount of substance 
which it contains. 

It also seems to me that, as filter paper originally has not been manufactured 
for chromatographic purposes, much improvement could be hoped for by close 
collaboration with the manufacturers, especially as regards homogeneity, purity 
and possibly also elimination of the causes of losses due to tailing or irreversible 
adsorption. 

Dr. J. Boldlngh (Zwijndrechi, Holland) said: With regard to the rubber- 
coated paper strips for fatty-acid analyses additional information about the 
quantitative separation of the even numbered saturated fatty acids may 1 e 
given. A column of powdered rubber (Mealorub) which has been swollen with 
benzene is used ; the mobile phase consists of a mixture of methanol-acetone 
(3/1) with varying proportions of water. By decreasing the water content 
of the mobile phase at the right moment separation of the Ce-Cis series has been 
made possible with a recovery of 95 % to 100 %. More recent experiments with 
another solvent combination have made it possible even to separate mixtures 
containing the series Ce-C24 in one straight run. With a column of 15-20 cm. 
length and a diameter of 1-2 cm., a mixture containing 2-10 mg. of each acid 
can be analyzed. Mealorub may be obtained from the “ Rubber Stichting ” 
at Delft (Holland). Details will be published later. 


Prof. R. M. Barrer (Aherdecn) said : Crystalline silicates exist which provide 
regular networks of channels with diameters no bigger than those of quite small 
molecules. Such crystals could act as sieves and might bring about separations 
of molecular species by occluding the smaller molecules while acting as non- 
sorl.cnts towards other larger or wrongly shaped molecules. Among zeolites 
there are a number of species w'hich are capable of producing molecular sieve 
separations in this manner, and I have in my paper indicated some of their 
properties which are relevant to the separating of molecular mixtures. 

When a gaseous mixture is passed through a porous zeolitic bed one may have 
Poiseuille flow or Knudsen flow in macroscopic spaces between crystal grains 
together with intracrystalline diffusion into the individual crystallites. The rate 
of transpiration must be adjusted so that sorbable species may be occluded during 
the time of transit, and so removed from the gas stream. In the region of mole- 
cular streaming (or Knudsen flow) the diffusion coefficient in absence of sorption 
effects in a cylindrical macroscopic capillary is 






Trm 

2^r 


while the diffusion coefficient of sorbate into the individual crystallites is 


D, 


J) e-EIRT, 


( 2 ) 


In many cases E is small and the condition for a good separation by gaseous 
chromatography may be fulfflled (i.e., that rate of uptake inside crystallites is 
at least comparable in velocity with the time of transit through the powder). 

Either occlusion or adsorption, by immobihzing a proportion of the molecules, 
can prolong the time of transit of one species compared with another non-sorbed 
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molecule. In the low-pressure range (molecular streaming) one has for the 
sorbable component 


^ D — — 

^ lit 


(3) 


where S and Si are the amounts adsorbed and occluded respectively per unit 
volume of the sorbent bed. When both adsorption and occlusion are rapid 
enough, and at low pressures, 

5 = Ck (linear adsorption isotherm) ) , . 

Si = Cki { ,, occlusion ,, ) / ' ‘ ‘ 

and substituting in eqn. (3) gives 

^ - ^_L (c\ 

'dt (i + A + ki) ' * * ’ 

and the occlusion process reduces the diffusion coefficient of the sorbable com- 
ponent in the ratio 1/(1 ^ -f ki). In such a system good separations may 

occur should k and ki be large enough. In zeolites this is often the case. More- 
over in the steady state of flow 


Dijci — c^_ (I ~ bed thickness, Ci, = ingoing 

/5 ■ and outgoing concentrations), 


and the permeability P is no longer proportional to — for a series of such 

ym 

gases as in Knudsen flow in absence of sorption effects. 


Dr, R, L. M. Synge (Roweit Res. Inst.) said : Without wishing to discuss 
the mechanisms proposed by Weiss for the interactions which he has observed 
on charcoals doped in various ways, I would like to emphasize that the modifica- 
tion of the adsorptive properties of charcoal for chromatographic purposes by 
adsorbing on it substances not significantly eluted hy the developing solvent 
deserves further study. Recent work at Uppsala showed that by doping 
charcoal willi stearic acid a product was obtained which, though of lower adsorp- 
tive capacity, had more nearly linear isotherms with amino acids and peptides 
in aqueous solution, and showed greater specificity in separating aromatic 
from aliphatic compounds. 

Mr. A. Stewart (Grangemouth) said : The slurry method for packing columns 
with a fairly granular adsorbent is preferred as entrapped air escapes in the initial 
mixing and the columns are substantially free from air bubbles. Closest packing 
is obtained by tapping uniformly, preferably stopping and restarting the solvent 
(low at the same time. These columns show greater band movement in the 
middle than at the periphery. Dry packing of such adsorbents may give columns 
containing small air bubbles which cause the movement at the band edges to 
be somewhat irregular ; the tamped dry-packed columns also have a greater 
resistance to solvent flow. 


Mr. R. H. S. Robertson (Glasgozv) (communi sated) : Although in chromato- 
graphy it is usual to separate a mixture of dissolved substances by means of 
a standard adsorbent, the opposite procedure of using a standard mixture of 
solutes to examme an unknown adsorbent has been found to be a useful 
diagnostic test. 

Half a gram or less of powder is squashed into a smooth concave surface with 
a spoon, and three drops of the standard mixed solution are rapidly poured into 
the basin so formed. The development of the colour rings is observed and 
recorded. Standard solutions can be made up to give an indication of pH, of 
chemical reactions and of physical adsorption, according to the nature of the 
substances in the powder. The method has proved of value in the examination 
of diatomites, cosmetic powders and clays. 


*7 Synge and Tiselius, Acta Chem. Scand., 1949, 3, 231. 
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In this first section of the Discussion we were expected to deal with the 
basic principles of chromatography, including the mathematics and the 
physical chemistry. The original invitations to contributors were distributed 
in the hope of obtaining reviews covering the whole field more or less 
systematically. However, many of the contributions received and printed 
are accounts of original work. This is an indication of the active and 
healthy development which the subject is undergoing. In our discussion 
of the printed communications we have ranged over most of the ground to 
be covered, though not in any orderly manner. This makes the task of 
summing up the Discussion both more difficult and more necessary. Perhaps 
it can conveniently be done under four heads, as follows ; 

(1) Mathematical treatment ; 

(2) Operating procedures ; 

(3) Techniques for analysis and visualization ; 

(4) Physical and chemical mechanisms of the equilibria determining 
separations. 

(i) Mathematical Treatment. — ^Those who have engaged in mathe- 
matical analysis of chromatographic operations have not always stated 
clearly what simplifications and assumptions they have made and at what 
points in their argument physical principles are left behind and purely 
mathematical manipulations embarked on. These errors of presentation 
have made the subject a particularly difficult one to disentangle for those 
of us who are not mathematicians, and have helped to encourage a wide- 
spread but erroneous idea that there are a number of '' rival theories of 
chromatography. In fact, the general nature of the relevant processes 
going on at different points in a chromatographic column — diffusion, stream- 
line flow, adsorption, desorption, transfer between phases, ionization and 
so forth — ^is well known to all of us, and in most cases these processes obey 
laws capable of expression in rather simple mathematical terms. However, 
the multiplicity of points in space and instants in time that have to be 
considered makes the full mathematical treatment impossibly complicated, 
and pending developments in mathematical technique it is necessary to 
make simplifying assumptions and to consider particularly simple operating 
conditions. Two main types of assumption have proved useful. One is 
the “ theoretical plate ” concept of conventional counter-current theory, 
where the operation of all such factors as diffusion, slowness in attaining 
equilibrium and microscopic irregularities of flow is abstracted into the 
simple unit H.E.T.P. (height equivadent to a theoretical plate) . The behaviour 
of substances having linear and mutually independent distribution isotherms 
between stationary and moving phases is then capable of simple treatment. 
The other assumption is to postulate instantaneous local equilibrium, that 
is, to put H.E.T.P. = o, and to dismiss the processes abstracted into that 
concept as “ disturbing factors." The behaviour of substances with non- 
linear distribution isotherms can then be treated, as can the interaction 
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of such subst^ces. The treatment is particularly simple for the cases of 
frontal analysis and of completed displacement development, as shown in 
Prof. Claesson's contribution. Of course it is not fortuitous that the most 
effective chromatographic operating procedures lend themselves to particu- 
larly simple mathematical treatments, since in them steps are taken to 
minimize effects of processes that do not contribute to the desired result. 
Even in the intermediate cases where mathematical treatment becomes 
difficult, it is often possible to visualize qualitatively what the effect of a 
change in working conditions will be, and one can also check in practice 
what factors are contributing to the result by varying one factor at a time, 
maintaining other conditions constant. In fact, such “ simple-minded " 
approaches have probably contributed more to the understanding of 
chromatography than have the more intricate mathematical analyses. 

(2) Operating Procedures. — Prof. Tiselius has distinguished three main 
methods by which chromatograms may be developed ; these are : 

{a) Frontal Analysis, where the original mixed solution is passed 
continuously through the column. 

(&) Elution Development, where the original mixed solution is placed 
on the column in small volume and washed through with pure solvent. 

(c) Displacement Development, where the original mixed solution is 
placed on the column in small volume and washed through with a solution 
of some displacing agent. 

There would be advantages in adopting this nomenclature, and using it 
consistently. (The symbols used in connection with chromatography could 
also with advantage be standardized. It is particularly confusing that 
the symbol for band-rates R adopted by LeRosen ^ and used by some 
subsequent authors is not defined in the same way as R of Martin and 
Synge ^ but is the same as Rf of Consden, Gordon and Martin.^) 

As regards these operating procedures two points seem to require empha- 
sizing. One is the special value of frontal analysis for analyzing unknown 
mixtures of substances having unknown properties. The other is that for 
displacement development to be effective the necessary condition is not 
that the substances undergoing separation should exhibit curved distri- 
bution isotherms, but that they should compete with and displace one 
another on the column. Should this not be so, no amount of curvature 
of the isotherms will lead to effective separations by displacement develop- 
ment. 

It is good that Prof. Claesson has raised the question of the analogy 
between chromatographic and electrophoretic processes. Consideration of 
the electrical migration of substances in a stirred many-compartment 
diaphragm cell, where the pH and conductivity of each compartment is 
maintained constant and all the diaphragms are thin and of the same 
material, shows that substances will migrate from one compartment to the 
next at rates determined by their relative transference through the membrane, 
the amount of electro-endosmosis and so forth. However, the amount 
leaving a given compartment will always be directly proportional to the 
amount in that compartment. Thus conventional counter-current theory 
can be applied to such a set of compartments — the relative transference 
and electro-endosmosis of the substances determining the enrichment 
factors and the linear relationship between amount present and amount 
migrating giving the mathematical equivalent of a linear distribution 

^ LeRosen. J. Amer. Chem, Soc,, 1942, 64. 1905* 

* Martin ajid Synge, Biochem. J,, 1941. 35 » 1358. 

* Consden, Gordon and Martin, Biochem. J., 1944. 3 ®* 224. 
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isotherm. Each compartment corresponds to one theoretical plate, and 
substances initially present in one compartment will distribute themselves 
as they migrate approximately according to the Gaussian curve. Migration 
in a jelly can then be viewed as the juxtaposition of a number of small 
compartments separated by diaphragms. The enrichment factor between 
two migrating substances is then simply the ratio of their net mobilities, 
after allowing for electro-endosmosis, and the H.E.T.P. is determined by 
the diffusion constants for the substances in the jelly. In electrophoresis 
in free solution, H.E.T.P. is likewise an expression of the diffusion constant. 

This way of looking at electrophoretic phenomena clears up a point that 
had puzzled me for some time — the justification of the use of the H.E.T.P. 
concept by Brewer, Madorsky and colleagues for the electrical migration 
of ions in a tube packed with sand against a stream of water. Westhaver ’ 
gives a detailed analysis of the role of diffusion and lack of uniformity of 
flow of solvent in the pores in determining the H.E.T.P. Much of this 
treatment can be used directly for considering factors determining H.E.T.P. 
in ordinary chromatograms. Dr. Klinkcnberg has already emphasized in 
discussion the importance of flow mechanisms in determining column 
efficiency. 

It is very valuable that electrical migration is compatible technically 
with chromatography. Some obvious applications are : 

{a) The interpretation of adsorption effects in jelly ionophoresis. 

(6) The use of electro-endosmosis for moving liquids through a jelly and 
observing molecular sieve effects, as mentioned by Prof. Tiselius in his 
Introductory Paper. 

[c) The combination, in suitable instances, of chromatographic and 
electrical procedures, as done by Strain,® to economize the number of 
operations in a separation. 

There are certain operating procedures that do not at first sight fall into 
any of the categories so far discussed. One of these is the stationary type 
of chromatogram, such as those on alumina described by Prof. Flood or 
with penicillins on alkali-impregnated silica, described by Catch, Cook and 
Heilbron.® These are really frontal analyses, but the mutual competition 
of the solutes for stoichiometric combination in the stationary phase is so 
intense that what is virtually a displacement chromatogram results, and the 
different band lengths may be used for quantitative analysis just as in 
displacement development. 

Another, and very important, operating procedure is development with 
successive changes of solvent. Very valuable results have been obtained 
with this procedure from the earliest days of chromatography and numerous 
examples of its use are given in this Discussion. It may perhaps be regarded 
as a form of displacement development where the solvent or eluting agent 
displaces some components, but not others, of the mixture being separated. 
This leads to the introduction of a spatial gap between the components 
in question, which facilitates their separation from each other. They can 
usually be separated from the solvent or eluting agent quite easily, taking 
advantage of differences in physical or chemical properties such as volatility. 
In simple displacement development there is no spatial gap between suc- 
cessive components, and this leads to technical difficulties in cutting. 

• Brewer, Madorsky and Westhaver, Science, 1946, 104 , 156. 

» Brewer et al., J. Res. Nat. Bur. Stand., I947» 3 ®* ^37* 

• Madorsky and Straus, J. Res. Nat. Bur. Stand., 1947, 38 , 185. 

’ Westhaver, J. Res. Nat. Bur. Stand., 1947, 38 , 169. 

• Strain, J. Amer. Chem. Soc., 1939, 61, 1292. 

• Catch, Cook and Heilbron, Nature, 1942, 150 , 633. 
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Chromatograms in which there is a continuous change in operating con- 
ditions along the length of the column (such as would be caused by evaporation 
from flowing mixtures of solvents) do not seem to have received much 
consideration, though I have more than once heard Prof. Tiselius discuss 
their possibilities. There seems no reason for expecting such systems to 
be useful when completeness of separation is the main consideration. 
However, one can imagine a dilute mixed solution entering such a chromato- 
gram continuously, the result being an accumulation of different solutes 
at different points. Such systems must be of common occurrence in nature, 
responsible for some of the concentrations of substances observed in rocks 
and soils, and possibly capable of being employed in technology. 

(3) Techniques for Analysis and Visualization. — ^This subject is, 
in a sense, a subsidiary aspect of chromatography. One can note a general 
tendency away from the practice of extruding and cutting up chromatograms, 
and in favour of observation and analysis of the effluent. When dealing 
with unknown mixtures, there is a great deal to be said for taking numerous 
arbitrary fractions, and analyzing these retrospectively, since it may not be 
apparent at the start what properties should be taken into account in 
making the cuts, whereas if the fractions are small enough they can later 
be pooled in the groups found most suitable. Chromatographers owe a 
debt to Dr. Stein and Dr. Moore for introducing an automatic fraction- 
cutting technique, which enormously reduces the labour involved. 

Numerous authors in this Discussion have used radioactive substances 
as markers on chromatograms, and this procedure certainly has very general 
significance for observational purposes. Prof. Brockmann's new fluorescence 
procedures also deserve further study. 

(4) Physical and Chemical Mechanisms of the Equilibria Deter- 
mining Separations. — Several contributors have described kinetic studies 
in this Discussion, and it has been suggested that differences in kinetics 
of approach to equilibrium could be utilized for separations in addition to 
differences in equilibrium. This is true, but it should be emphasized that 
such separations would not be chromatography in the usual sense but 
would require a quite different type of apparatus, perhaps similar to that 
used by Signer and colleagues. 

The exploration of different mechanisms determining equilibrium distri- 
butions in chromatographic systems, and of the specificity of these mecha- 
nisms for different substances, is at present in a phase of rapid development 
and is daily yielding valuable results. Prof. Tiselius in introducing the 
Discussion dealt with this topic at some length and there is little to add. 
The contributions of Prof. Barrer and of Dr. Myers and Dr. Kunin suggest 
that, before long, molecular-sieve properties will be utilized for chroma- 
tographic separations of compounds extending over a fair range of molecular 
sizes. There seem also to be possibilities, so far little explored, for increasing 
the specificity of adsorj:)tion processes. In this connection, the proposal 
of Dr. Wassermann, mentioned in discussion, to study the adsorptive 
properties of proteins has special interest. In this group of substances we 
know, from the data of serology and enzymology, that specificity of adsorp- 
tion is capable of being very great. There seems also every reason for hoping 
that chromatography will prove a useful technique for effecting separations 
of high molecular substances. 

In concluding, I would like to stress how much we can hope to learn by 
further detailed studies of the ultramicroscopic structure and properties 

Stein and Moore, J. Biol. Chem., 1948 # *7®/ 337* 

Signer, Hanoi, Koestler, Rottenberg and v. Tavel, Helv. chim. Acta, 1946, 29, 1984, 
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of the substances used for making chromatographic columns. Until we 
have much more accurate ideas on this subject, the chromatographic art 
will remain largely empirical, and our interpretations speculative. We shall 
learn much by trying to interpret in physico-chemical terms the practical 
achievements of chromatography that will be presented in the second half 
of this Discussion. However, other techniques than chromatography will 
also be required for developing this much-needed body of knowledge. 

Rowett Research Institute, 

Bucksburn, 

Aberdeenshire. 


II. APPLICATIONS 


Introductory Paper 

By F. a. Robinson 
Received 2 <)th September, 1949 

My first impulse on being invited to introduce the section dealing with 
the applications of chromatography was to relate some of the more important 
advances that have resulted from the use of this new tool. On reflection, 
however, I decided that it would be more profitable to spend the few minutes 
at my disposal in attempting to assess the suitability for diflerent purposes 
of the various forms of chromatography now available. I have been 
encouraged to follow this line of thought because at each of our sessions 
several speakers have asked whether there is any method of predicting the 
most favourable conditions to use in any given circumstances. I therefore 
wondered if it would be possible to obtain any guidance from an analysis 
of the data presented at this meeting ; for I think we can take the contri- 
butions to this Discussion as fairly representative of trends in recent research 
in this field. 

We have already heard much about the three main branches of chromato- 
graphy — adsorption, partition and ion-exchange chromatography — and the 
three main methods of development — displacement development, elution 
development and frontal analysis — the relative advantages and disadvan- 
tages of which have been so admirably summarized by Dr. Synge. Now 
suppose someone without previous experience of chromatography were 
asked to separate two or three substances chromatographically, how would 
he proceed ? How would he find his way amongst the “ enormous number 
of alternatives possible,"' as I believe Prof. Tiselius expressed it ? In the 
early days when I prepared my first chromatogram the procedure was 
simple ; one used alumina or lime or magnesia, and most probably it would 
have been an unsuitable grade at that, simply because no other was available. 
Nowadays, however, the position is very different ; there is a choice of 
three fundamentally different techniques and within each of these tech- 
niques a fairly wide choice of column materials, eluting agents and methods 
of manipulation. Which of the possible permutations and combinations 
should one select ? 

In the first place, of course, the answer will depend on how much or how 
little the experimenter knows about the properties of his substances. He 
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may know nothing, in which event he must try various techniques in turn. 
But he may know that his substances are neutral, acidic or basic ; he may 
know something of their relative strengths or partition coefficients or even 
something about their adsorption isotherms. This is unusual, and more 
often than not he will only have a very general idea of their chemical 
behaviour. Even this, as I hope to show, should help in making a choice 
of techniques. 

Now the papers prepared for this Discussion refer to the use of adsorption 
chromatography for the separation of the following substances — metals, 
hydrocarbons, fats and fatty acids, steroids, high polymers, proteins and 
carotenoids. The significant point about this list to my mind is that with 
the exception of cations, which are separated by ion exchange anjnvay and 
not by true adsorption, and fatty acids, these substances consist solely of 
organic compounds free from functional groups, suggesting that these are 
the substances for which adsorption chromatography is nowadays considered 
most appropriate. 

The list of substances for the separation of which partition chromatography 
has been used is rather different. True, it includes metal ions and fatty 
acids, but for the rest it comprises sugars and sugar derivatives, amino acids 
and peptides, penicillins and vitamin Bi2> which arc organic compounds 
with well-defined polar groups. 

The list of substances to which ion-exchange chromatography has been 
applied has much in common with the last list. It includes anions and 
cations, penicillins, purine bases, nucleic acids and amino acids. This means, 
of course, that ion-exchange chromatography is most appropriate for the 
separation of inorganic and organic ions. 

I would therefore suggest that the chances are that adsorption chromato- 
graphy is likely to give the best results with non-polar molecules, partition 
chromatography with organic compounds containing polar groups and ion- 
exchange chromatography with inorganic ions and organic acids and bases. 

Like most sweeping generalizations, mine has many exceptions — I am 
sure that eacli of you will be able to think of several — and I will immediately 
qualify my statement by suggesting that adsorption chromatography offers 
many advantages compared with the newer techniques and may retain this 
advantage for some time to come. 

In the first place it is a much older technique and therefore more is known 
about it. Useful empirical rules have been prepared that simplify the task 
of selecting the most suitable adsorbents and eluents ; these arc to be found 
in the text-books of chromatography. In the second place, adsorption 
chromatography is the method that lends itself most readily to the application 
of frontal analysis, which gives the maximum of information about the 
qualitative nature of a mixture, and displacement development, which 
gives the maximum amount of quantitative information. However, we must 
not lose sight of the fact which has emerged during the Discussion that 
displacement development can be applied both to partition chromatography 
and to ion-exchange chromatography, so that this particular advantage may 
not long remain peculiar to adsorption chromatography. 

One further reason for the retention of adsorption chromatography for 
the separation of organic compounds containing functional groups is that 
colourless substances of this type can often be converted into coloured or 
fluorescent derivatives that are readily located on the column. Another 
factor that may for the time being favour the retention of adsorption 
chromatography in fields where one might expect it to be superseded by 
partition and ion-exchange chromatography is that at present it is possible 
to obtain standardized aluminas and, in some degree, standardized carbons, 



170 


INORGANIC ALUMINA CHROMATOGRAPHY 


but it is not yet possible to obtain standardized carriers for holding the 
static phase in partition chromatography ; satisfactory grades of silica gel 
are notoriously difficult to prepare and both starch and filter papers are 
variable substances, although not everyone may subscribe to this view. 
Nor can the present range of ion-exchange materials be regarded as entirely 
satisfactory, although there are indications that new and, one hopes, better 
products may soon become available. 

I think that in the past workers have been negligent in failing to publish 
fuller details of the properties of the chromatographic agents they have 
used, and it is no use bemoaning the fact that manufacturers will not supply 
suitable reagents unless potential users will go to a little trouble in defining 
in unambiguous terms the properties they regard as desirable. Ideally, a 
specification should be prepared for each chromatographic agent, whether 
required for adsorption, partition or ion exchange, and it might then be 
possible for manufacturers to supply standardized materials that will give 
reproducible results not only in the hands of the same workers, but also in 
different laboratories. 

I must confess that I find myself unable to fit Mr. G. Robinson's method 
into my classification and I am not sure whether to regard the 8-hydroxy- 
quinoline column as a special example of adsorption chromatography in 
which separation depends on differences in the adsorption affinities of oxine 
salts for oxine, or as an example of partition chromatography in which 
separation depends on the relative solubilities of oxine salts in water, or as 
the first example of an entirely new type of technique to be called perhaps 
‘ reagent chromatography,' in which separations arc effected by differences 
in the rates of reaction with a selective reagent. It would be interesting to 
hear of other types ; I know only of this and of violuric acid and 5-0x0- 
4-oximino-3-phenyl-isoxazoline, but the principle should clearly be capable 
of further extension. 

Messrs. Allen & H anbury, Ltd., 

Ware, Herts. 


11 (A). INORGANIC 

NATURE AND APPLICATIONS OF INORGANIC ALUMINA 
CHROMATOGRAPHY * 

By George-Maria Schwab 
Received 21st June, 1949 

The optical spectra of cations adsorbed by sodium exchange on alumina confirm 
the view, derived from chemical evidence, that the adsorption zones contain basic 
double aluminates. Inorganic chromatographic analysis is essentially improved by 
combining it with the usual group separation reactions. The microchemical sensitivity 
of chromatographic cation detection is about equal to that of spot tests. The 
chromatographic separation of the platinum metals is described. 


* Contribution from the Department of Inorganic, Physical and Catalytic Chemistry 
of the Institute Nicolaos Canellopoulos, Piraeus, Greece. 
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The chromatographic adsorption method of Tswett was first applied to 
the analytical separation of inorganic cations by Schwab and Jockers ^ 
and of inorganic anions by Schwab and Battler.* These authors, using 
alumina containing exchangeable sodium for the cation separations and 
acidified alumina containing exchangeable anions for the anion separations, 
established the basic principles of ion-exchange chromatography which in 
the following years acquired so great an importance for amino acid separa- 
tions * and, after the introduction of organic pol^Tner ion exchangers, for 
the separation of rare earths and pile products.^ In the present com- 
munication, some new progress in inorganic alumina chromatography of 
practical interest will be summarized. It has been published in periodicals 
rather difficult to obtain at present. 

The Nature of the Ion Adsorption. — In the first publications ^ * it 
was stated that the adsorption of ions on alumina columns takes place by 
the displacement of ions of equal sign contained in the alumina surface, 
i.e., sodium by cations, and nitrate or chloride by anions. The specificity 
of the adsorption, which is manifested in a reproducible adsorption series, 
together with the fact that adsorbed cations are accompanied by a certain 
amount of anions, lead to the conclusion that the adsorption complex, 
especially in cation chromatography, is a basic double salt, e.g., a basic 
aluminate-sulphate. Doubts about this result have been expressed by 
Siewert and Jungnickel ® who assumed that the adsorption and the adsorption 
series could be explained by the precipitation of carbonates on the column 
by the sodium carbonate present. However, this opinion, based on an 
incorrect interpretation of the solubility product and of titration results, 
has been revised in a joint publication ® in favour of the original theory. 

This latter has been directly substantiated by Schwab and Issidoridis ’ 
by the measurement of the light absorption of the adsorbed ions by reflected 
light. It was shown that with cupric ions a new absorption band at 602 mfi. 
appears on adsorj^tion lower than that of the hydroxide and characteristic 
of Cu -0 bonds. With chromic ions a shift of the 575 m(x band to longer 
wavelength occurs, dependent on the anion present, this being less with 
(hromitc but greater with the hydroxide. CrAlO;, shows the opposite 
shift. In nickel adsorption the 680 mfx band is shifted to shorter waves, 
the displacement being less than with the hydroxide. The uranyl ion 
gives a shift of the 660 mfx band towards the violet end, this being less than 
with sodium uranate. All these facts show that the state of the adsorbed 
layers is intermediate between the free hydrated ion and hydroxide, and 
this is compatible with the assumption of basic salts for copper, nickel 
and uranium, and of a chromite-like structure for the strongly adsorbed 
chromium. 

Chromatography in Qualitative Analysis. — It had been found that 
a full quahtativc cation analysis by alumina chromatography is rendered 
difficult by the coincidence of certain zones and the chemical interference 
of others (Ag-Mn, As-Fe, Cu-Al). Schwab and Ghosh ® found that these 
shortcomings could be overcome by combining the usual analytical group 
separations with a chromatographic identification within each group. 

^ Schwab and Jockers, Angew. Chem., i937i 5®, 646. 

* Schwab and Dattler, Angew. Chem., I937> 50, 691. 

• Kuhn and Wieland, Ber., 1940, 73, 968. 

♦ A series of papers in J. Amer. Chem. Soc., 1947, 

‘ Siewert and Jungnickel, Ber., I943i 7®. ^lo. 

• Schwab, Siewert and Jungnickel, Z, anorg. Chem., 1944, asa, 321. 

^ Schwab and Issidoridis, Z. physik. Chem. B, 1942, 53, i. 

* Schwab and Ghosh, Angew. Chem., 1939/ 5*/ 3^9- 
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Thus, the hydrochloric acid group Pb’*, Ag*, TP is accessible to such 
identification. From nitrate solutions, lead is adsorbed at the top, silver 
in the middle and thallium at the bottom of the column. With potassium 
chromate as developer, the lead zone turns yellow, the silver zone red and 
the thallium zone yellow. With ammonium sulphide the lead zone is black, 
the silver zone grey and a black thallium zone is washed down the column. 
Mercurous ion must not be present, as mercury is generally unfit for chroma- 
tography. 

The hydrogen sulphide group is also well split into zones, provided that 
Hg** and Sn'* are absent and that the solution, the column and the washing 
water contain some tartaric acid. With a hydrogen sulphide solution as 
developer one obtains at the top an orange antimony zone, and below a 
yellow arsenic zone, a black lead zone, a brownish-black copper zone and a 
yellow cadmium zone. 


TABLE I 


No. 

Cation 

Keagent or Developer 

Colour of 

Sensitivity in y 

Zone 

Spot-test 

Chromato- 

graphic 

I 

Fe‘- 

Fe(CN)/" 

Blue 

0-04 

o*oj 

2 

Cu“ 

Fe(CN)»" 

Brown-red 

— 

0*02 


Cu** 

HgS 

Brown-black 

— 

0*4 


Cu“ 

Thio-oxamide 4- NH3 

Black 

o*oo6 

0*003 

3 

Co- 

a-Nitroso-p-naphthol 

Brown 

0*05 

o*o6 


Co- 

Thio-oxamidc -f- NH3 

Brown -black 

0*03 

0*04 


Co- 

(NH,),S 

Brown-black 

0*2 

A 

Ni- 

(NHJ,S 

Grcen-black 

— 

0*3 


Ni- 

Thio-oxamide 4- ammonia 

Violet 

0*012 

0*0 J 

5 

TI- 

(NHJ^S 

Black 

— 

1*0 


rr 

KI 

Yellow 

0*6 

0*12 

(> 

uo,- 

Fe(CN)/" 

I Faint yellow 

0*92 

0-45 

7 

Ag* 

(NHJ^S 

Black 

— 

1*0 


! Ag‘ 

1 

/j-Di incthylamino-benzylidene 
rhodaminc 

Violet 

0*02 

0*02 


! Ag’ 

Mn- 4- OH' 

Black 

2-0 

0*11 

8 

Pb” 

(NH,),S 

Dark black 

— 

0*54 


Pb- 

CrO/ 

Y ellow 


0-54 

9 

Ccl- 

(NH,),S 

Yellow 

— 

0*51 


The most important possibility is the separation of the ammonium 
sulphide group in one operation. With ammonia as developer one obtains 
a brown iron zone, a green chromium zone, a yellow uranyl zone, a white 
zinc zone, a rose-colour cobalt zone, a blue-green nickel zone and a nearly 
colourless manganese zone. This latter, on drawing air through the column, 
turns dark brown. Only AP*’ cannot be detected because its colourless 
zone is situated between uranyl and zinc and cannot be differentiated from 
the colourless zinc zone. 

Microchemical Chromatography. — The cumulative property of the 
adsorption column which gathers ions present in high dilution in large 
liquid volumes in a narrow zone makes the method very suitable for the 
microchemical detection of elements. In the first experiments ^ iron and 
copper could be detected in amounts down to i y. Schwab and Ghosh ® 
by using alumina micro columns of 1-2 mm. diam. and some specific micro- 
chemied reagents, were able to raise the sensitivity of the method to that 


® Schwab and Ghosh, Atigew. Chem., 1940, 53, 39. 
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of Feigl's well-known spot-test method. The advantage of the chromato- 
graphic method is that these limits of sensitivity can be attained even at 
the highest dilutions. Table I (opposite) summarizes the results. Generally, 
the sensitivity runs parallel with that of the spot test, because it depends 
on the same factors, viz., colour and solubility of the precipitate. Elements 
having a low place in the adsorption series, such as Ag' or Tl', show a 
relatively lower sensitivity because at high dilution the adsorption of these 
elements may be, in part, reversible. In mixtures, forming double rings, the 
sensitivity is less : in an equivalent mixture, Fe and Cu can be detected 
by means of Fe(CN)6''" down to o-i y, and in a mixture Fe/ioCu to 0-5 y Fe 
and 6 y Cu. 

Separation of the Platinum Group. — ^The same authors in a recent 
paper applied the alumina chromatography to the separation of the metals 
of the platinum group. Here, considerable difficulties are encountered, 
not specific to the method but to the chemistry of these elements. Formation 
of complex cations and anions, hydrolysis and hydrate isomerism and the 
ageing of the solutions due to these reactions affect the reproducibility of 
the results. Osmium has not been included because it is easily removed 
by the tetroxide distillation. No general developer is available nor is, in 
fact, needed, as the colours of the different zones are sufficiently characteris- 
tic : Ir blue-green, Ru green, -Pt faint yellow, Pd brown, Rh orange. The 
adsorption series is as above from top to bottom, provided that an aged 
IrCls solution and a fresh RuCla solution are used. The rhodium solution 
must not be freshly prepared nor older than a few weeks, otherwise the 
series is seriously disturbed. 

The above colours of the single zones are not changed by the presence 
of more than one platinum metal and thus are reliable means of detection. 
This has been proved by isolating the free metals from the different zones 
of the chromatograms and identifying them by measuring their lattice 
constants in precision X-ray work. 

The platinum metals are easily separated from lead, copper, zinc and nickel, 
but not from iron, because of their higher adsorbability. With iron present, 
the platinum metals form very complicated chromatograms, due probably 
to the formation of mixed complexes. 

Dept, of Inorganic, Physical and Catalytic Chemistry, 

Institute Nicolaos Canellopoulos, 

PircBus, Greece. 

Feigl, Qualitative Analyse mit Hilfe von Tiipfel-Reaktioncn (Leipzig, 1938). 

Schwab and Ghosh, Z. anorg. Chem., 1949 (O. Hahn vol.), 258, 323. 


THE MECHANISM OF INORGANIC CHROMATOGRAPHIC 
ADSORPTION ON ALUMINA 
By Luigi Sacconi 
Received Sth August, 1949 

Adsorption of inorganic salts on activated alumina is considered as a hydrolytic 
adsorption associated with Al*’* ion-H* ion and Na* ion-H* ion exchange processes. 
Alumina, in this way, exhibits a surface buffering action. The adsorption affinity is 
proportional to the polarizing power exerted by the ions as well as to the polarizabUity 
of the groups co ordinated around the ions. The co-ordinated water molecules of aquo- 
ions play a peculiar role in connection with surface hydrolysis and with the high tendency 
of alumina to hydrate itself. The heat of hydration of alumina is a measure of its adsorp- 
tive capacity. 
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Several h3^otheses concerned with inorganic chromatography using 
alumina ascribe the adsorption of electrol5d:es to the following : (a) Na’ ion- 
cation exchange associated with the presence of sodium aluminate as an 
impurity ^ ; (6) precipitation of basic salts caused by the alkaline reaction 
of technical sdumina ^ ; (c) precipitation of basic carbonates due to alkali 
carbonates and bicarbonates present in the alumina*; (d) AT*’ ion-cation 
exchange.^ (This latter hypothesis has now been rejected by the author 
himself. Thus, the fact that the position of A1 in the chromatographic series 
has been located between Pb and Cu means that the adsorption of ions 
following the Al**' ion cannot be explained.) (e) Amphoteric adsorption by 
alumina which engages in both H' ion-cation and OH'-anion exchange ; 
(/) preferential adsorption of ions which then bind the ion of opposite charge 
by equivalent secondary adsorption ; (g) molecular adsorption.* 

It has been shown ^ that Na-free alumina, such as that obtained from 
amalgamated aluminium, activated by heating for lo hr. at 650° C, adsorbs 
cations, generally in the form of the basic salts, though pure alumina is not 
basic. Thus, solutions of Hg(N03)2 and TICI3, poured down a column of pure 
alumina, produce coloured bands (yellow-ochre and brown) of the respective 
basic salts. It must be emphasized that the filtrate obtained by prewashing 
the column of technical alumina with water precipitates yellow basic salts 
from Hg(N03)2 solutions, but that the wash water coming from pure AI2O3 
has no effect. We can conclude therefore that the adsorption mechanisms 
(a), (b) and (c) are not essential. 

Surface Buffering Action of Alumina. — Interesting information about 
the nature of the adsorption process has already been obtained ® * : 

(1) Pure activated alumina, added to solutions of acids and salts, lowers the 
hydrogen ion concentration. For instance, the addition of AlgO® to a o*i N HC'l 
solution until a thick suspension is obtained raises the pH above 5*6. Similar 
additions to 0 2 M CUSO4 and 0-2 M NiCh solutions (pH = 3*45 and 4-22 respec- 
tively) raises the pH above 5*8. 

(2) Using as a developer aluminon (NH4 aurin tricarboxylate) , which does not 
produce a characteristic reaction either with technical or pure alumina, evidence 
is obtained that in both static and chromatographic adsorption of acid solutions 
(e.g., o-i N HCl), Al'** ions are displaced. These are subsequently adsorbed on 
the column and produce, with aluminon, a scarlet band at the top of the column. 
During static adsorption the displaced Al’" ion can be detected in the solution ; 
on the column adsorption is complete. Even solutions of salts generally employed 
in inorganic chromatography can displace Al"' ions which are then adsorbed at 
the top of the column. Thus, pouring CUSO4 or Fe2(S04)8 solutions through a 
column of alumina and developing with aluminon, tlie w hite ring situated above 
the bands of Cu (blue) or Fe (browm) becomes scarlet red. The adsorption band 
of Al"* and other ions, however, are partially mixed. 

The results of measurements of the width of Al bands obtained on passing 
HjS 04 and Al4(S04)s solution through columns of pure alumina (diam. 3*5 mm.) 
are reported in Table I. 

The lower part (one-third of the length) of the red zone obtained using 
H2SO4 is pale scarlet. The colour thus seems to depend on the different degree of 
basicity of the basic aluminium salts adsorbed on the column. 

(3) In the static adsorption of solutions of acids (e.g., HCl) or hydrolyzable salts 

^ Schwab and Jockers, Angew. Chem., 1937, 50, 546. Schwab and Dattler, ibid. 

1937. 50» b9i ; ibid., 1938. 709 - 

* Siewert and Jungnickel, Ber. B, 1943, 76, 2io. 

Jacobs and Tompkins, Trans. Faraday Soc., 1945, 41, 388, 395, 400. 

♦ Sacconi, Gazz. chim. ital., 1948, 78, 583. 

® Sacconi, Gazz. chim. ital., 1949, 79, 141 ; Nature, 1949, 164, 70. 

* Technical alumina employed in these experiments was activated by heating for 

fo hr. at 600° C ; pure alumina obtained from amalgamated aluminium was activated 
by heating for 10 hr. at 650° C. 
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on pure AI2O3, the concentration of anions is lowered. On an adsorption column , 
in which the amount of is in excess of that of the adsorbate, anion adsorp- 
tion is complete, i.e., anions cannot be detected in the filtrate coming from the 
column. 

From such experiments the following conclusions are deduced : (a) Al'*' ions 
are displaced from alumina by H* ions present in solutions of acid or hydro 
lyzable salts ; (b) Al*** ions are subsequently adsorbed, not between the Pb and 
Cu bands, but together with the most strongly adsorbed ions. This accounts 
for the absence of Al’** ions in solutions coming from the adsorption column. 
Alumina therefore by lowering the H* ion concentration effects a surface 
buffering action. 

TABLE I 


Solution 

Vol. (ml.) 

1 

Vol. of wash 
water (ml.) 

Vol. of 
developer 
(Aluminon 
soln.) (ml.) 

Width of red 
band (mm.) 

o-iNHgSO^ . 

0*5 

2 

2 

14*5 


0*25 1 

I 

1*5 

II 

o-i N Al 2 (S 04)3 

0*5 ! 

1 ^ 

' 2 ' 

! 11*5 


0*25 

I I 

1 . 

1 

! 7*5 

1 


Hydrolytic Adsorption on Activated Alumina. —The adsorption of inorganic 
salts on an alumina column can thus be regarded as a hydrolytic adsorption 
which takes place according to the general relation 

M- + H,0 ^ M(OH)* -f H* (I) 

which is displaced towards the right-hand side because of the lowering of hydrogen 
ion concentration due to Al*** ion-H* ion exchange. The aluminium salt liberated 
is then adsorbed as a basic salt : 

6 M** 4 - 6 HaO 6 M(OH)* + 6 H* ) 

AlaO, -f 6 H* -> 2 Al*** -f 3 HaO - . . . (2) 

2 Al*** + 2 HaO 2 Al(OH)** 4- 2 H* etc. j 
Since alumina is in excess, the process continues until adsorption is complete. 
In support of an Al*** ion-H* ion exchange, attention is drawn to Wagner’s 
conclusions ® according to which the solution of AlgOg in acids is a surface 
reaction depending not only on the hydrogen ion concentration but also on the 
concentration of other electrolytes. 

In technical alumina Na* ion-H* ion exchange also takes place ; this accounts 
for the excess of acid employed in direct neutralization of alumina ’ as well 
as for the excess adsorption of cations.^ 

The evidence of the different buffering actions of both kinds of alumina can be 
obtained in the chromatographic adsorption of a CUSO4 4- K2Cr207 solution 
(orange).* A brown band, corresponding to basic copper chromate, is formed 
on a pure alumina column ; a light green band, corresponding to more basic- 
copper chromate, is formed on technical alumina.* 

CuPtCl* solution (yellowish green) forms on a pure alumina column two 
partially mixed zones, the upper yeUow, the lower blue-green, corresponding 
to the basic chloroplatinates of Al and Cu respectively. No effect is observed on 
washing with water ; elution with NaOH solution causes the yellow zone to flow 
down the column (NajPtCle is not adsorbed) and the green band to turn blue 
because of the formation of Cu(OH)2. On a column of technical alumina, an 
upper yellow ring and a blue-green band are likewise formed ; on washing with 
water, the excess of NaaPtCl# (yellow), produced by the PtCle" and Na* ions 
present in technical alumina, flows down the column. 

•Wagner, Z. Elektrochem., 1938* 44 » 

’ Schwab, Siewert and Jungnickel, Z, anorg. Chem., 1944. 252. 321. 

* Basic copper chromates, e.g., 7 CuO . CrO* . 5 H ,0 (greenish yellow), 7 CuO . 2 C^rOy . 

5 HjO (yellow), 3 CuO.CrO, .2 HjO (brown), have been reported. Cf. Gmelin-Kraut 

Handbuch der anorganischen Chemie, Band. V, Abt. i, 1909, pp. 1188-91. 
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Further evidence of hydrolytic adsorption is the following : the easily hydro- 
lyzable NagPdCli, NaaRuCl* and NaaRhCL salts are strongly adsorbed on both 
pure and technical alumina ; NajPtCle, NaalrCl* and NagOsClo, which are 
stable towards alkali, are not adsorbed. This behaviour provides a method 
for the complete separation of Pd, Ru, Rh from Pt, Ir, Os. 

The decrease of cations adsorption with increasing acidity observed by Jacobs 
and Tompkins » can be explained by the above hypothesis, since an increase in 
the concentration of hydrogen ion causes the reaction (i) to shift to the left. 

The hypothesis (e) that the hydroxyl groups are responsible for adsorption 
is at variance with the adsorptive capacity exhibited by activated alumina which 
has been heated at 600^ ; this treatment probably causes the bonding of surface 
hydroxyl groups with elimination of water. Experimental evidence,^ further- 
more, shows the inability of any cation and anion to replace H* ion and OH' ion 
respectively. On the contrary, cation— H* ion and anion-OH' ion exchanges are 
always observed. 

The hypothesis of hydrolytic adsorption appears to be in harmony with 
Schawb’s spectrographic observations,® according to which the wavelengths of 
the bands and the adsorption coefficients of the adsorbed salts agree with those 
of the corresponding basic salts. This hypothesis is consistent moreover with the 
experimental evidence of incomplete separation of ions, probably due to co- 
precipitation phenomena as well as to the fact that the pH values at which 
the precipitation of several basic salts begins are close to one another . 

It must also be remembered that the diffusion coefficient of hydrolyzable 
salts decreases with the increasing pH of solutions. The diffusion coefficient of 
AI(N03)3, for instance, becomes zero ® at pH = 4*5. Thus the decrease of the 
diffusion coefficient of a salt solution which is passing through the interstices 
in the alumina column cau.ses the corresponding basic salts to be adsorbed. 

Relation Between Adsorbability, Ionic Potential, Diffusion and Dialysis 
Coefficient of Ions. — Despite the fact that cations are, in general, not com- 
pletely separable, and that mixed zones are produced on the column, from my 
experiments as well as from those already reported by SchANab, the order of 
cation adsorption on an alumina column is as follows : 

Th, Zr, Fe^n 

Al, Cr, TF'^, Hgw, UO« Pb, Cu, Ag, Zn, ^ 'pj, TF, Mn. 

Cei'^, Ce“^ * 

If we consider the degree of hydrolysis of chlorides, nitrates and sulphates 
of many elements above, we observe that, as a general rule, h values decrease 
from Th to Mn (cf. Table IT). 

TABLE II 


Sail 

h (%) 

pH 

Th sulphate 

46-5 

1*8 

Th nitrate 

5'7 


Zr chloride 

35 


Fe chloride 

37 


Fe sulphate 

I 1 ' 7 - 22 *I 


Cr sulphate (green and violet) 

28’7-2‘2 

1*94-3*2 

Cr chloride (green and blue) . . 

1 6*4-1 *6 

2*2~3*2 

Al chlorides 

2*8-4*06 

2*76-2*9 

Al sulphate 

i*i6-2*oi 

2*84-2*9 

Al nitrate 


3 -I 7 - 3-38 

Hg chloride 

0*26 


Pb nitrate 

0*069-0*084 

4 ' 07 - 4'28 

Cu sulphate 

0*072 

4-14 

Zn sulphate 

0*0046-0*0042 

5 - 34 - 5-28 

Cd sulphate 

o*ooi6 

5 -R 


Montoro and De Angelis, Ricerca sci., 1942, 23, 186. 

* SchAvab and Issidoridis, Z. physik. Chem., 1942, 53, i. 

• Jander and Winkel, Z. anorg. them,, 1930, 193, i ; ibid., 1931, aoo, 257. 
Landolt-Bornstein, Physikalisch-Chemische Tabellen, Hw. II 1165, Eg. I 661, 

Eg. 116 1104, Eg. IIlc 2130-33. 



LUIGI SACCONI 


X77 


Moreover, if we consider the values of ionic potential v = z/r, dialysis coeffi- 
cient X and diffusion coefficient “ jD, we observe that, in general, the increase 
of adsorbability runs parallel with increase of v, i/X and In addition, 

more highly hydrated cations are the most highly adsorbed.^* This is shown 
in Table III. 


TABLE III 


Ion 

i 

il 

lA 

lID 

n HjO 


rTiiv 

6*25 ! 





A 1 

5-27 ; 

3*29 

2-78 

57 


Cr 

4-69 

3*20 

3*22 

49 


Zr 

4*6o 





1 Fe«* 

4*49 

3*37 

270 

59 


Cerv 

3*92 





Uiv 

3 - 8 i 





Th 

3-64 

3*62 

3*45 

61 


Tliii 

2*86 





Ceiii 

2*54 i 

i 2*86 

27S 

33 

Hg 

178 




Pb 

1*52 




Ag 

0-85 




Cu 


2-14 j 

2-32 

24 

Zn 

2*41 

i 

2*50 



fNi 

2*56 • 

1 2-15 

2 * 3 « 

24 


) Co 

2*44 

1 2»I7 


24 


1 Fe** 

2-41 

2*i8 


24 


ICd 

1*94 




T1 

0*67 


0*83 


Mn 

2‘20 

2*20 


24 


This behaviour is consistent with the recent views on hydrolysis and its 
correlation with ionic hydration.*® Thus experiments have shown that the 
cobaltamines have no water of hydration except that which is held within the 
co-ordination shell ; in this case the co-ordination water is stoichiometrically 
determined. 

On technical alumina cobaltamine cations are adsorbed in the following order ; 
the ionic potential, calculated on the Stokes radii,** is also reported. It must be 
noted that the separation of cobaltamines, when it takes place, is complete. 
Developers have not been employed except for the [Co(H 80 )e]” ion. 

(1) [Co(NH3)3(H80)3r- ; [ColNHal^lH^O)^-, i-og; [Co(NH3)3(H30)3Cl]- 

(2) V - 0-58 

(3) [Co(NH8)«r”, - 1-02 

(4) [Co(NU,)fi]Y\ V === 077 ; [Co(NH 3)4C03]-, t; == 0-37 

(5) [Co(NH3),Cl3r ; [Co(NH3)6N03]-, = 072 

It is evident that cations with co-ordination water are the most highly adsorbed 
even when they possess a lower ionic potential. It is therefore concluded that 
the water of hydration plays an important part in adsorption on alumina. 

Relation Between Hydration and Adsorption. — It must be emphasized 
that in inorganic chromatography, where the solvent (water) is highly polar, 
there are three interacting substances : alumina, ions and water. It is well 
known that the co-ordination water of aquo-ions (because of the action of the 

** Brintzinger, Ratanarat and Osswald, Z. anorg. Chem., 1935, ** 3 - 

** Spandau, Z. physik. Chem., 1943, 19a, 211. 

** Sacconi, Gazz» chim. ital., 1949, 79. 152. 

** Brintzinger and Ratanarat, Z, anorg. Chem., 1934 . ***. *i 3 * 

Emeleus and Anderson, Modern Aspects of Inorganic Chemistry (Routledge, London, 
1947), p. 148. 

*• Sutra, J. chim. phys., 1946, 43, 205. Brintzinger, Z. anorg. Chem., 1935, **5. 2 -*- 
Brintzinger, Z. Klektrochem., 1945, 51, 10. 

** Sutra, J. chim. phys., 1946, 43, 193, 194. 
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electrostatic field of cation) is polarized and the molecules are oriented with the 
H atoms directed outwards. Analogous polarization but with the opposite orien- 
tation is assumed by water when attracted by alumina which is itself highly 
polar. In this case the H atoms of water are directed toward the negative ends 
(oxygen) of the molecules of the adsorbent. Consequently, the polarized water 
molecules of the aquo-ions will exhibit a tendency to be adsorbed more firmly 
on alumina than the bulk water in which the molecules are neither polarized 
nor oriented. Therefore alumina will exhibit a greater adsorption potential 
towards the water molecules of aquo-ions and in this way adsorb the ions attached 
to their own water of co-ordination. 

Evidently, the greater the potential of ion, the greater is the polarizing action 
on molecules of water of co-ordination and the greater is the adsorptive capacity 
of alumina towards the ion itself. If molecules or ions such as H^O, NHg, COj"', 
CV, etc., are contained in the co-ordination shell, the adsorption affinity will 
depend upon the size, dipol moment and polarizability of the co-ordinate groups. 
In this manner a reason is given for the fact that the aquo-cobaltamine cations 
are more strongly adsorbed than cobaltamine cations (O-H distance = 0*955 ^ I 
N~H distance = i-o8 A ; [xh,o = i*8 ; {jlnh, = 1*48). 


The Mechanism of Surface Hydrolysis. — It is clear that compounds 
containing co-ordinated water are essentially acids in the sense defined by 
Bronsted,^® i.e., the polarizing action of the cation creates a tendency to split 
off hydrogen ions, according to the scheme : 


[A 1 {H, 0 ),]- 



(i^zO)sl 

(OH),J 


+ 3 H- . 


In this way the phenomenon of hydrolysis is explained.^® In the case of aquo- 
ions adsorbed on alumina, it is evident that, because of the additional polariza- 
tion induced by alumina in the co-ordinated water molecule, the production of 
hydrogen ions and the subsequent salt hydrolysis takes place more easily. The 
hydrogen ions thus liberated will displace Al*” ions from alumina according to a 
.scheme of the type : 


V 

\ O / 


O 




*H-b’ 'O— H* ""H 


I 

O' 


-I 


^H— O'" -O— 


:o- M’^o: 




n n 

, \ "o y 

'H-O' 'O-H' 

O 'O-H. 




+ 9H.0 


^ 3 [M(H.O),{OH).] + 2 [Al(H, 0 ).r". 

2[A1(H,0).]- + 2 A 1 , 0 , + i 8 H ,0 ^ 6[A](H,0)4(0H),]- (3) 

The same must be true for aquo-cobaltamine complexes. These, unlike the 
cobaltamine complexes, exhibit a well-defined tendency to produce H’ ions ^® 
by the reaction : 

[Co(NH,).(H.O)r- -> [Co(NH3)5{OH)]- -|- H*. 

This provides an additional reason why aquo-cobaltamine cations are more 
strongly adsorbed than cobaltamine cations. 


Cf. Emel^us and Anderson, loc. cit., pp. 147, 230. 

Rice, Electronic Structure and Chemical Binding (McGraw Hill, New York, 1940), 
pp. 422, 423. 

Pauli and Valk6, Elektrochemie der Kolloide (Springer, Wien, 1929), pp. 46, 51. 
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In this connection attention is directed to Kolthoff’s conclusions concerning the 
adsorption of polar molecules on polar surfaces, according to which the dissocia- 
tion of the adsorbate takes place when the adsorption energy is greater than the 
dissociation energy. In the adsorption of aquo-ions on alumina w^e conclude 
that, on account of the polarization produced by the electrostatic field of the 
cations on the co-ordinated water molecules, the adsorption energy necessary to 
dissociate the latter is lowered and, therefore, the dissociation is facilitated. 

Finally it must be noted that, since the adsorption band of any ion is always 
a mixed zone of both cation and Al*’* ion, measurement of the actual width of 
the adsorption zone of a single ion is impossible. 

The Heat of Hydration of Activated Alumina. — Confirmation of the 
\ iew that inorganic chromatographic adsorption is mainly based on the prefer- 
ential adsorption by alumina of the polarized water molecules of aquo-ions is 
pro\dded by the values of the heats of hydration of both technical and pure 
alumina.^® 

Technical alumina, which is the more active form, has a higher heat of 
hydration, i.e., a greater tendency to hydrate itself. 

The experimental values of the heats of hydration Q are ; 

Technical alumina : Q == 8-44 cal./g. 

Pure alumina : 6 = 3*85 cal./g. 

Since the particle size of pure alumina was about i/ioth that of the technical 
material, the specific heat of hydration of the latter, referred to unit surface, is 
20 times that of pure alumina. “ 

Institute of Physical Chemistry, 

University of Florence, 

Kolthoff, 7. Physic, t hem., 1936, 40, 1027. 
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Part III.* The Use of Columns of Cellulose for the Separation 
and Determination of Metals 

By F. H. Burstall, G, R. Davies and R. A. Wells 

Received ^th August, 1949 

A process is described for the separation of inorganic materials on columns of cellulose 
adsorbent with the aid of organic solvents. A method of preparation of a suitable 
cellulose pulp is given, together with a general description of the practical details of the 
process. The scope and applicability of the method are illustrated by a variety of 
separations w'hich have been achieved and some of the factors influencing and 
producing the separations are considered. 


The separation of a number of groups of inorganic radicals on strips of 
filter paper have been described and reference has been made to the use 


^ Arden, Burstall, Davies, Lewis and Linstead, Nature, 1948, i6a, 691. 

® Burstall, Davies, Linstead and Wells, ibid., 1949. 163, 64. 

® Arden, Burstall and Linstead, Chem. Soc. Symposium (Chemistry of the Heavy 
Elements), March, 1949. 

* Lederer, Nature, 1948, 16a, 776. 

® Lederer, ibid., i949» *63, 598. 

® Pollard, McOmie and Elbeih, ibid., 1949. *^3. 292. 

’ Lacourt, Sommereyns, Degeyndt, Baruh and Gillard, ibid., 1949, 163, 999. 

* A New Method for the Detection and Determination of Uranium by T. V. Arden, 
F. H. Burstall and R. P. Linstead (in press) should be taken as Part I of this series of 
papers. Part II, The Separation and Detection of Metals and Acid Radicals on Strips of 
Absorbent Paper by F. H. Burstall, G. R. Davies, R. P. Linstead and R. A. Wells (in press). 
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of columns of cellulose for separating larger amounts of material.^ ® This 
paper is intended to give a general account of the technique of separating 
inorganic salts, using columns of cellulose in conjunction with organic 
solvents, together with an outline of some separations already achieved. 
Detailed accounts of the individual separations mentioned will be published 
elsewhere. 

The maximum amount of material involved in separations on paper strips 
is of the order of i mg. ; larger quantities exceed the capacity of the cellulose 
and clear-cut separations are not achieved. It is possible, however, to deal 
with very much larger amounts of material by using columns of cellulose 
pulp and separations employing up to 250 g. of material have been success- 
fully carried out. 

Experimental 

General Technique. — A column of cellulose pulp is prepared in a glass tube 
containing the organic solvent to be used for the separation. An aqueous 
(usually dilute acid) solution of the mixture to be separated is prepared and 
transferred to the top of the column. The solution is either poured directly 
on to the top of the prepared column or is first absorbed on a wad of cellulose, 
which is then transferred to the top of the tube, broken up with a glass rod and 
then packed down to form a continuous portion of the column. More regular 
and concentrated bands are obtained by the latter method. Solvent is then 
passed down the column and the eluent collected. The material being separated 
is dissolved, moves down the column and finally emerges in the eluent. Recover^^ 
of the extracted material from the solvent eluent is made in one of several ways : 
(a) washing with dilute acid, (6) addition of water and evaporation of the solvent 
and (c) precipitation in the organic solvent solution followed by filtration. 

Preparation of Cellulose. — Various types of cellulose materials including 
wood pulp, cotton linters and filter paper have been investigated for suitability 
in pulp preparation. In all cases degradation of the cellulose to a suitable form 
of pulp is achieved by boiling with an aqueous solution containing 5 ml. HNO^ 
(p = i*42)/ioo ml. The time of boiling required varies from 2 to 20 min. 
according to the nature of the raw material. The type of pulp used is suited to 
the separation to be carried out ; for a number of routine estimations pulp 
prepared from Whatmans No. i Waste Paper Chppings is satis^actoIy^ but wlien 
a higher degree of purity is required Whatmans Ashless Tablets are used. (Jn 
boiling with water these tablets break down to a pulp suitable for many separa- 
tions, but a more finely divided and retentive pulp is obtained by boiling with 
5 % v/v nitric acid for 2 min. ; excess acid is then removed by washing with 
water, alcohol and finally ether. The boiling with dilute nitric acid breaks 
down the cellulose fibres and increases the specific surface of the cellulose. The 
number of active end-groups in the cellulose is also increased and tliis improv^es 
the adsorptive powers of the pulp. The reducing property of a cellulose pulp 
is an important contributing factor in the separation of inorganic materials 
since polyvalent metals tend to give, in their lower valency forms, salts whicli 
are less soluble in organic solvents. 

Preparation of the Glass Extraction Tube. — It is necessary to treat the 
inside surface of the glass extraction tube to prevent ‘ wall ’ effects due to creep of 
aqueous solution from the wad of cellulose containing the sample, down the 
wall of the absorption column. This wall effect has been overcome by the use 
of dichlorodimethyl silane ((CHj)2SiCl2), which confers very strong water- 
repellent properties to the glass surface. A small amount of the organic silicon 
derivative is shaken in the tube until the whole surface has been treated, the 
excess removed and the tube washed with alcohol. In the absence of fluoride 
the silicone-treated tube retains its water-repellent properties for a large numbei- 
of separations. 


Results 

In the separation of inorganic materials by the column method a number of 
unusual chromatographic conditions are experienced. For this reason although 
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separations carried out by the paper strip technique provide a useful guide 
as to the best solvent to use in a column separation, the conditions of water and 
acid concentration are not usually the same for both types of separation. The 
column process appears normally much more sensitive to small changes in acidity 
and water content of the solvent than does the strip technique. The following 
examples will give some account of the separations to which the technique has 
been successfully applied and on which work is still proceeding. 

A mixture of methyl propyl ketone, water, HCl and acetone has been used in 
the separation and estimation of Ni, Co and Cu in samples of steel and minerals. 
A solution of the sample (0*2 g.) is prepared in dilute hydrochloric acid (2-5 ml.) 
and transferred to the top of a cellulose column packed in methyl propyl ketone. 
The cellulose pulp used is prepared by nitric acid treatment of Whatmans Ashless 

TABLE I 

Estimation of Cu, Ni and Co in Various Samples 


Material 

Results by column 

Mean of column 

Results by normal 

process % 

results % 

analysis % 


10*00 




Cobalt 10*10 

10*03 

10*02 


10*00 



N'ickeJ-chromc steel 





12-85 




Nickel 12*75 

12*78 

12*90 


1275 




4-3h 




Cobalt 4*.p> 

r 3 <> 

4'35 

Tungster. siei l 





0*49 

o*.p) 

0'43 


Nickel 0*44 




2*65 




('o]>p<.r 2*71 

2*68 

2*69 


2*0S 



Iron pyTTlf’.«. 

1 

0*13 




Cobalt 0*12 

0*12 

0*10 


0* 1 i 




17*10 




Copper 17*02 

17*1 I 

17*04 

CoppfT nickel speiss 

17*16 




22*86 




Nickel 23*00 

22*91 

2 2 *80 


22*86 




Tablets. The chlorides of Fe, Cu and Co are extracted from nickel using methyl 
propyl ketone containing 1 % v/v HCl (p = i*i8) as solvent, but clear separation 
of Fe, Cu and Co is not effected. If the acid concentration, however, is kept low 
and tile water content of the solvent is increased, separation of Co, Cu and Fe 
is achieved. Thus, using a solvent consisting of 100 parts of method propyl 
ketone, 30 parts of acetone, 4 parts of water and i part of HCl (p — 1*18), iron 
and copper are extracted from cobalt and nickel. The iron is first removed 
as a yellow band followed by an amber band of copper, while cobalt remains 
with the nickel. After the copper band has moved completely out of the column, 
the solvent is changed and the extraction continued with methyl propyl ketone 
containing 2 % v/v HCl (p = i*i8) ; this solvent extracts cobalt from nickel. 
The copper is extracted from the requisite eluent fraction by several washings 
with 2 N HCl. The combined washings are evaporated to dryness, fumed with 
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HNO, to remove organic matter, then evaporated twice with HCl to remove 
nitrate. The copper is estimated colorimetrically with rubeanic acid on a 
Spekker absorptiometer. The cobalt fraction is diluted with acetone and the 
cobalt estimated by means of the colour developed with ammonium thiocyanate. 
The nickel is extracted from the cellulose column by washing with dilute HCl. 
The solution is evaporated to dryness fumed with HNO3 and then evaporate<l 
twice with HCl. The nickel is then determined with dimethylglyoxime. Some 
typical results obtained by this process are shown in Table I. 

Mercury as mercuric chloride is extracted quantitatively from copper, bismuth, 
lead and cadmium using pure dry methyl acetate as solvent. If a normal 
cellulose column is employed the diffuse rear boundary of the mercury band 
and the forward boundary of the bismuth band overlap, with consequent con- 
tamination of the eluent by traces of bismuth. This effect has been overcome by 
including in the column a layer of pulp impregnated with sodium phosphate 
solution. The phosphate does not effect the extraction of mercury but success- 
fully retains the bismuth. By this method 0-2 g. quantities of mercuric chloride 
have been separated from an equal weight of each of the chlorides of lead, copper, 
cadmium and bismuth. The mercury is recovered by passing H^S gas through the 
solvent eluent and filtering off the precipitated sulphide. 

Other separations which have been carried out in chloride solution include 
the separation of gold from the platinum metals and the separation of the 
individual platinum metals. Gold is extracted quantitatively from gram 
quantities of the platinum metals using ethyl ether containing aqueous HCl 
and some success has been gained in the preparative separation of the platinum 
metals using acetone or methyl ethyl ketone containing HCl (p i*i8). 

A number of separations have also been carried out in nitrate solution. In 
consequence of the unusually high solubility of uranyl nitrate in organic solvents 
the extraction of uranium from many other elements has been carried out veiy' 
easily. 

Using ethyl ether containing 12 J % w/v HNOg promising results have been 
achieved in the separation of hafnium and zirconium. The separation is not yet 
quantitative but has been the means of obtaining samples of zirconium free from 
hafnium. 

Discussion 

The wide applicability of the method has been indicated by the variety 
of the examples of separation given. It is obvious that there are many 
factors which can operate to bring about these separations. There an , 
however, three main factors which contribute to tht^ mechanism of separation 
to a varying degree with the individual metals. 

(a) Selective extraction of the salts by the solvent. — This effect 
plays an important part at the top of the column, where the mixture of 
salts is situated and is approximately proportional to the relative solubilities 
of the salts in the organic medium. It does not follow, however, that the 
order in which the salts reach the bottom of the column is proportional to 
these solubilities, 

(b) Partition. — Partition of the inorganic substances occurs between 
the organic solvent and the water present in the cellulose. The water 
content of the pulp varies with the water content of the organic solvent and 
when inorganic sdts are added as an aqueous solution the water content 
of the cellulose at the top of the column is abnormally high (at least at the 
beginning of the extraction). Changes in the concentration and composition 
of the saJts in the solvent phase, as it moves downwards, lead to variations 
in partition due to alterations in the salting-out influence of the various 
salts on each other. 

(c) Adsorption. — ^Metals ions are adsorbed to different extents by the 
cellulose. This factor is affected by activation of the cellulose, for example, 
by treatment with nitric acid. It is altered by variations in the acid content 
of the solvent. 
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In conclusion it is seen that this method of effecting separations opens up 
a wide field in the analysis (qualitative and quantitative), preparation and 
even production of inorganic materials. 

This work is part of the programme of the Chemistry Research Board 
and is published with the permission of the Director of the Chemical Research 
Laboratory. 

Chemical Research Laboratory, 

Teddington, 

Middlesex, 
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An investigation into the separation of inorganic metallic compounds on filter paper 
by (a) aqueous w-butanol containing a complexing reagent and (b) aqueous collidine, 
and its general application to the separation of metallic compounds by a two-way 
process, is described. The detection of the po.sition of the compounds on the filter 
paper is achieved by the use of ultra-violet fluorescence. 

A special application of the separation and detection of arsenic from a large number 
of other metallic compounds is al.so described. 


The use of filter paper for separating metallic derivatives in microchemical 
methods of qualitative analysis has long been practised. Feigl ^ has 
discussed these methods, and has pointed out that " the separating action 
of filter paper, due to capillary phenomena alone, is, as a rule, not sufficient 
to effect an isolation of the inorganic compounds of a solution into distinct 
zones.” Even when this is possible the compounds are not present alone 
and in a pure state. The advantage of the new method of paper chromato- 
graphy is that many inorganic compounds can be separated into quite 
distinct zones, in most cases several inches apart. 

The separation of inorganic compounds on filter paper by the method 
of partition chromatography has so far developed along two main lines 
using (a) solvents containing reagents capable of forming complexes with 
inorganic ions, such as benzoyl acetone, and (b) special solvents, the useful- 
ness of which may depend partly on the formation of complexes by reaction 
of the solvent with the metal ions under examination. 

Linstead and his co-workers, ^ as well as Lederer,^ have by the use of 
partition cliromatography achieved a large number of important separations, 
but have tended to concentrate on special separations rather than on general 
methods of separating ions. Our procedure has obvious advantages in 
the general field of qualitative analysis. The technique which we have 


^ Feigl, specific and Special Reactions (Elsevier, 1940), p. 162. 

^ ^instead et al., Nature, 1948, i6a, 691 ; ihid„ 1949, 163, 64 ; ibid,, 1949, 163, 508. 
® Lederer, Nature, 1948, 163, 776. 
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developed makes use of both types of solvents, attention being focused 
in the first case on w-butanol containing one of the several well-known 
reagents which are known to form complex ions with the metals, and secondly 
on collidine as a special solvent of type (6). 

Our general investigations have also led us to achieve the separation of 
several metals by a two-stage separation process, using first a solvent of 
type (^), and then one of type (a) moving at right-angles to the first solvent. 

Under special conditions, the separation of only one inorganic compound 
from a large number of others has particular importance, and Linstead ^ 
has shown that uranium compounds can be separated in this manner, while 
we have adapted our technique to separate arsenic from a large number of 
other elements. 

It is very convenient to have some general reagent which can be used 
to detect the position of the ions after separation is complete. We have 
found that materials which form with metallic ions compounds which 
fluoresce or suppress fluorescence in ultra-violet light are of great value. 
After spraying the paper with the reagent and then exposing it to the 
radiation from a mercury vapour lamp, the position of the ion, invisible 
in daylight, is revealed. A number of suitable reagents have been investi- 
gated and are described in this paper. 

Experimental 

Apparatus. — The general arrangement of the apparatus is similar to that 
already in use for organic chromatography, and consists of a glass trough 
supported in a glass tank, lo in. x 13 in. x 16 in., the top of which is giound level 
and covered with a heavy ground glass sheet to ensure that during an experiment 
the tank is air-tight. In the trough is put the organic solvent layer and at the 
bottom is a Petrie dish containing the aqueous layer. The tank is placed in an 
insulated cupboard. 

Preparation of Solvents. — Two solvent mixtures have been used throughout. 

(а) Butanol Mixture. — ^^-Butanol (100 ml.) is first shaken with the required 
((uantity of complexing reagent, until the latter is dissolved. The solution is 
then thoroughly shaken with dilute nitric acid (100 ml.). The normality of 
the nitric acid is varied according to the complexing agent in use. After 
standing overnight to attain equilibrium, the aqueous layer is run off and pul 
in the Petrie dish, while the upper layer is placed in the trough. 

(б) Collidine Mixture. — 2 : 4 : 6-Collidine (100 ml.) is shaken with 0-4 N 
nitric acid (100 ml.), the heat generated by the mixing causing the temperature 
to rise to about 30° C. When the mixture cools on .standing to 25° C, the layers 
are separated as already described. 

Preparation of the Metal-ion Solutions. — 01 N solutions of the nitrates 
of Ag+, Hg', Pb2^^, Hg 2 ^ BP+, Cu2+, Cd2\ AP^ Zn*^, Mn"*, Co^^ 

and Ni^ ^ were prepared, containing sufficient nitric acid to prevent hydrolysis. 
0*2 N solutions of the nitrates of Ca2+, Ba^^ Mg^^ , and Na+ were 

prepared and made slightly acid with nitric acid. 0-2 N solutions of the chlorides 
of Sn^^, Sn*'* and Cr®^ were acidified with sufficient hydrochloric acid to prevent 
hydrolysis. A 01 N solution of arsenious oxide in water was slightly acidified 
with nitric acid. A 01 N solution of antimony tartrate was prepared and 
rendered faintly acid with tartaric acid. 

Procedure. — Drops of solution to give a spot of about i cm. diam. are 
placed at distances of about 4 cm. apart on a pencilled line 8 cm. from the top 
edge of the sheet (27 cm. x 40 cm.) of Whatman No. i filter paper. Two 
similar sheets are placed one on each side of the trough, with the top edge 
dipping into the liquid. The tank is closed by the ground glass plate, placed in 
the insulated cupboard, and left until the liquid front is about 5 cm. from the 

* Arden, Burstall and Linstead, The Chemistry of the Heavy Elements (Chem. Soc. 

Symposium, 1949). 
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lower edge of the paper. This takes about 20 hr. for the butanol mixtures 
and 35 hr. for the collidine. If the vessel is quite air-tight, and not exposed 
to varying temperatures, the liquid front remains horizontal. 

The sheets of paper are removed from the tank, dried in a stream of hot air, 
and then sprayed with a special reagent to reveal as many ions as possible. 
As the unknown can be placed on the same sheet of paper, there is no need 
to use a specific reagent for each ion, since the unknown can always be compared 
with the known ions which have travelled down the paper simultaneously. 
This procedure also avoids the necessity of knowing exact Rf values. To confirm 
the identity of the unknown, it is always possible to put an extra spot of the 
unknown at the side of the paper, a strip of which can be cut off and tested 
with specific reagents. The position of the unknown will, of course, be obtained 
from the main strip. 

Detection and Identification of the Ions. — A spray of ammoniacal aqueous 
hydrogen sulphide solution serves to reveal the presence of Ag+, Hg^, Pb^^, Hg® ^ , 
Bi*+, Cu*^, Cd*^, As®^, Sb®+, Fe®+, Co®+ and Ni®*" as coloured sulphides. 

As indicated in an earlier publication, ® however, a much more general method 
is to use organic reagents which, on exposure of the chromatogram to ultra-violet 
light, reveal the position of the ions as dark or fluorescent spots. The most 
satisfactory spray for this purpose is a solution of 5 g. 8-hydroxyquinoline and 
I g. kojic acid in i 1. of 60 % alcohol. After spraying, the paper is exposed 
to ammonia vapour to make it alkaline. Many other reagents have been tested 
for this purpose, and some of the more promising results are recorded in Table I. 

Results 

(a) Separations using a Solvent Containing a Complexing Reagent. 

-Experiments were carried out with butanol mixtures prepared with butanol 
and dilute nitric acid of different normalities, both with and without complexing 
reagents. In Fig. i the Rf values for most of the common ions are plotted 
as a function of the position of the ion on the original chromatogram, using 
mixtures prepared with N, 2 N, and 3 N nitric acid without a complexing reagent. 
It is clear that the relative separation is the same in most cases, but that the 
ions travel further in the more highly acid medium. Hg^, Hg®^ and Sb®+ show 
pronounced tailing ” under those conditions, and so their positions have not 
been included. 



Fig. I. — Separations with w-butanol mixture, without complexing reagent, and prepared 
with (a) N HNO3 ; (M 2 N HNO3 ; (0 3 N IINC).,. 

It was found that much better separations could be achieved in some cases 
l)y the addition to the liquid medium of an organic reagent, capable of forming 
complexes. Many such reagents were tried under different conditions of acidity, 
and among the most successful of those yet tried were benzoyl acetone and 
acetyl acetone, while dibenzoyl methane, acetoacetic ester and dimethyl glyoxime 
were not, in general, so good. A typical example of the separations achieved 
is shown in Fig. 2 for benzoyl acetone, which up to the present has given the 
best separations and most S5rmmetrical spots. 

® l^dlarcl, McOmie and Elbeih. Nature, 1949, 163, 292 



TABLE I 

Organic Reagents for Detecting Ions by Ultra-violet EluoRescence 
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5^ote. ^\'‘alencies have been given only to those metals present in more than one valency state. 
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Fro. 2. — Separations with ?7-butanoI mixture prepared with o-i N nitric acid and 0*5 o', 

benzoyl acetone. 

(b) Separations using a Solvent only. — The most interesting results with 
this type of solvent have been obtained with collidine, and the separations are 
illustrated in Fig. 3. Again it was found that the acidity was important for 
good results. 



Fig. 3. — Separations with collidine mixture prepared with 0*4 N nitric acid. 


(t;) Two-way Separations. — ^'i'he possibility of separating cations by using 
the properties of the two types of solvents has been investigated with a mixture 
containing Al*+, Fe®+, As®+, Cu*^ and Cd^^. A spot containing all these ions 
was put at a point X on the filter paper. The collidine solvent was first used, 
and the compounds of As®+, Cd®+ and Cu*+ were thus separated from those of 
Fe®+ and Al*"*”. The Cu“+ and Cd*"*" moved together as predicted from Fig. 3, 
and the As***" did not travel so far. 

The filter paper was washed with CCI4 and dried, and then the butanol solvent 
containing benzoyl acetone was used with the paper at right-angles to its original 
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position. The iron compound now separated from the aluminium ; the copper 
separated from the cadmium and the arsenic moved to a new position ; the 
copper actually moved with a higher Rf value than predicted from Fig. 2. In 
this way a clear separation of these five metallic compounds was achieved. 
Their positions were first detected by fluorescence, and confirmed by hydrogen 
sulphide, etc. The relative positions of the metallic compounds are illustrated 
in Fig. 4. 


Collidine mixTure 






.Cd 


• As 


. Cu 


Fig. 4. — Example of two-way separation. 


{d) Separation of one Ion from a Large Number of Others. — As an 

example of the application of this type of separation, arsenic was selected 
because of its obvious importance. The fundamental technique of using butanol- 
water mixtures was adopted, and the effect of various substances was investigated 
to try to obtain large R/ values for arsenic while retaining small R/ values for 
other cations present. The best mixture proved to be butanol and water 
prepared with i % ammonium borate, i % ammonium tartrate, 0 5 % mannitol. 
The actual Rf values for all the common cations using this mixture are given 
in Fig. 5, from which the exceptional behaviour of arsenic is obvious. 



Fig. 5. — Separation of arsenic^from other metallic compounds. 




I. L M. ELBEIH, J. F. W. McOMIE AND F. H. POLLARD 189 


A special test for arsenic was developed as follows. The chromatogram was 
sprayed with a mixture of alcohol containing i % cone, nitric acid and 5 % 
glycerol to make the paper acid, and then, after drying, sprayed with ammoniacal 
silver nitrate. The arsenic spot is converted, presumably to silver arsenite 
(yellow), which, on irradiation with ultra-violet light whilst still wet, changes 
to silver arsenate (brown) and metallic arsenic (black) . The spot is then easily 
visible against the purplish background from the silver nitrate spray. With 
stationary drops of o-oi ml. taken by a micrometer syringe from standard 
solutions of sodium arsenite it was possible to detect 01 y of arsenic ; on the 
chromatogram, however, the limit of sensitivity was 0*3 y of arsenic. The 
test can be made quantitative and used for a colorimetric estimation of the 
arsenic. 


Discussion 

The illustrations, Fig. 2 and 3 , show the kind of separations which are 
possible for two different types of solvents. It is clear that the cations of 
their derivatives can be divided into two groups, depending on the movement 
in the two different solvents. 

Group a. Cations moving with butanol- water-benzoyl acetone mixture. 
Ag+, Hg-^, Hg2+ Cu 2 +, Cd2+, As3+, Sn2+, Sn4+, 

Group b. Cations moving with collidine- water mixture. 

Ag+, Cu2-J , Cd2+, As3+, Sb^+;Zxi^+, Mn3+, Co, Ni, Ca2+, Sr2+, Ba2+, Mg2+, 

K+, Na+. 

While some inorganic compounds move in both solvents the extent of 
tlie movement may vary considerably ; thus Ag+, Cu 2 +, Cd^+, As®+ deriva- 
tives move much further in collidine than they do in butanol. Also, it should 
bo noted that, while copper and cadmium compounds move together in 
collidine, there is quite a good separation in the butanol mixture. The 
separation of sodium, potassium and magnesium by the collidine mixture is 
particularly interesting. 

There is some evidence that formation of complexes is essential for rapid 
movement, if one compares the results of butanol mixtures with and without 
complexing reagents as illustrated by Fig. i and 2 . It is noticed that when 
no complexing reagent is present, movement of several cations, for example, 
Bi®+, Cu^+, Cd2+, As^+, Sn 2 +, Sn^*^, etc., occurs, and that the movement is 
greater for the more acidic mixtures. The effect of the increased acidity 
is probably associated with the prevention of hydrolysis of these particular 
nitrates, and consequently the nitrates are capable of movement. In 
the presence of a complexing reagent, and providing the acidity is not 
too great, that is, for benzoyl acetone not greater than about o*i N, the 
movement of the various ions differs considerably. Under such conditions, 
one obtains, for example, as has been pointed out already, a separation 
of copper and cadmium. If, however, the acidity is greater than o-i N, 
for benzoyl acetone the movement of the ions in general resembles that 
without any complexing reagent being present, and there is no separation 
of copper and cadmium. Presumably this is due to the instability of the 
complexes in strongly acid solution, but at the same time it is necessary 
to have the solution sufficiently acid to prevent undue hydrolysis of some 
of the original nitrates. For any particular complexing reagent it is found 
necessary to determine the optimum conditions. 

At present there is insufficient evidence for much to be said about the 
mechanism of these particular chromatographic processes, but it does 
seem that for their successful operation the formation of complexes is 
essential. As collidine itself is quite likely to form complexes with the 
cations, then in this type of solvent complex formation probably plays an 
important role. 
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How far true partition between solvents occurs is still uncertain. In 
our earlier communication ® we pointed out that for butanol mixtures 
water alone washes the ions down the paper, while butanol mixture prepared 
with 10 % acetic acid produces almost no movement. This seemed to 
indicate that in this case it was essentially a partition process. 

The preliminary investigations on two-way separations indicate that 
our technique is capable of very general application for the separation of 
the cations common to qualitative analysis, and the special separation 
of arsenic is being developed for the quantitative estimation of small quan- 
tities of arsenic. 

Our thanks are due to Dr. J. K. N. Jones for his great interest in this 
work, and to the Egyptian Education authorities for a grant to one of us 
(L I. M. E.). 

Department of Chemistry, 

The University, 

Bristol, H. 


INORGANIC CAPILLARY ANALYSES 
By H. Flood 
Received 2 yth June, 1949 

The paper deals with chromatographic experiments using porous paper impregnatcti 
with A1(0H)3 as adsorbent. The paper is cut in strips, a small amount of the solution is 
sucked up at one end, followed by a larger amount of pure solvent. The chromatographic 
zones are developed by brushing with suitable reagents. The method may be used for 
the analyses of cation or anion mixtures. An anion chromatogram is formed when a strong 
acid is sucked into the paper prior to treatment with the solution. 

The sequence in which the cations are adsorbed is the same as found by Schwab with 
few exceptions. The etlect of the presence of anions and other factors influencing the 
length of the molar adsorption zone of the cations are discussed. If the less adsorbable 
ion is added to a solution of ion an increase is observed in the adsorption zone 
of Mi+. The reason for this is that a mixed zone of and M, is found. Approximat<^ 
values of the exchange constant of reactions of the type : 

^l(aq) -^^(mlxed mU.) ^2l»q) »d<.) 

have been derived. From the values of these constants the possibility of a quantitative 
separation of cations in mixtures can be predicted. The effects of complex-forming 
reagents are also estimated when the complex constants are known. This is demon- 
strated by the chromatograms of solutions to which glycinate has been added. Addition 
of complex-forming reagents may also be used for a simple quantitative chromatograpliic 
titration. 


The investigations reported in the present paper were chiefly carried out 
during 1938 to 1945. The method itself has been described ^ but as a 
consequence of the wartime conditions most of the results were either partly 
published in Norwegian (with only a brief summary in German 2 3 4 6 ej or 
remained unpublished. 


^ Flood, Z. anal, Chem., 1940, 120, 237. 

* Flood, Tidsskr. kjemi bergvesen, 1940, ao, ni. 

® Flood and Smedsaas, Tidsskr. kjemi bergvesen metallurgi, 1941, i, 150. 
^ Flood and Smedsaas, Tidsskr. kjemi bergvesen metallurgi, 1942, a, i. 

® Flood and Smedsaas, Tidsskr, kjemi bergvesen metallurgi, 1942, 2, 17. 
“ Flood, Tidsskr, kjemi bergvesen metallurgi, 1943, 3» 9* 
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Experimental 

The characteristic feature of the method is that porous paper impregnated 
with A1(0H)3 is used as adsorbent. Some solution, followed by pure water, is 
sucked up into a strip of the paper. Thick blotting paper is most suitable since 
it possesses a homogeneous distribution of pores. The impregnation is carried 
out by dipping the paper in a solution of sodium aluminate (id-i to i mole/1.). 
The paper is then dried and the aluminium hydroxide formed by dipping it 
into a saturated solution of NaHCOg. The paper is washed for several days in 
flistilled water, dried over a period of some days and finally cut into strips 
(30 X I cm. or smaller). 

The solution is sucked up in the one end of the strip to a height of 1-3 cm. 
(For quantitative purposes the amount (':ieo*i ml.) is measured with a capillary 
pipette.) The paper is then treated with water until a height of 10 cm. or more 
is wetted. Two or three times the length of the adsorption zone is sufficient to 
give a constant length of zone. During the passage of water the adsorption zone 
does not leave the lower end of the paper. This indicates that the chief adsorption 
process is an exchange between cations from the solution and sodium ions from 
aluminate impurities in the aluminium hydroxide. Finally the chromatographic 
zones are developed by brushing with suitable reagents. 

Some advantages of this method compared with powder columns may be 
noted. The manner of development causes no disturbance of the primary zones. 
Several developing reagents can be used in the same chromatogram, after cutting 
up the strip into 2 or more parts. The method is well suited to semi-micro work 
(I mg.) and can also be modified for micro work (i y). Most important, howev er, 
is that the results can be reproduced since strips from the same sheet normally 
show nearly the same adsorptive capacity. 

The results are easily reproduced witliin ± 5 % and by careful work 2 % 
may be reached. It must be noted that the height of an adsorption zone is 
sensitive to depression of the surface tension of the solution. Details, especially 
concerning the quantitative use of the method, have been given previously. ^ 


^ Results 

1. Sequence of Adsorption. — The following sequence of adsorption is found 
for cations : 




TiO” : 
Bill! 




von Can 

Crin : uon : Pbn : : Ag> ; Cun ; Zn : Cd : Nin : Tl> : Mnn. 

Hgn ‘ (Fen) 


With few exceptions (Cd-Co, Ag-Cu) tliis is the same as previously found by 
Schwab and Jockers ^ on Al^Oj columns. Ca, Sr and Ba form mixed zones with 
the transition elements (Cu, Ni, etc.). Mg apparently is adsorbed, but the zone 
moves slowly upwards with the washing water (precipitation of Mg (OH) 2 ?). 

When some strong acid (HCIO4, HNO*) is sucked into the paper before treat- 
ment with the solution, an anion chromatogram may be obtained. The .sequence 
of anion adsorption is found to be : 


OH- : (CrOf) : (CrO^), Fe(CN)r : Ac“ : CF. CNS, F : NOr( : CIOD. 


This too is in accord with previous results of Schwab and Dattler.* 

Weak effects of secondary anion and cation adsorption are observed. Details 
have been given previously.® 

2 , The Molar Zone Length. — The zone length h is a linear function of the 
concentration c of the ion in solution. When h is not too close to zero we may 
write : 

h = , 


’ Schwab and Jockers, Z. angew. Chem., 1937, 5 ®» 54 ^* 
® Schwab and Dattler, Z. angew. Chem., 1937, 
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(compare Fig. i) ; // cv o-3-o*5 mm. seems to be connected with the smaller 
adsorption capacity of the zone at the lower end where the paper is secured by 
rubber bands (cp.^- 

Different ions give different zone lengths shown by the following figures. 


TABLE I 


Cone. 

h in cm. for different cations 

molc/1. 

, ' 1 0 -® mole/1. .. 

Cr«i 1 

4*25 

7*7 

Pb 

3*3 

6*0 

Cu 

3*3 

5*‘'^5 

Hg 

2‘9 

5*1 

Zn 

3*6 

6*45 

Ni 

3*7 

6*55 

Te 

3*15 

5*3 

Mn 

4*1 

7*35 

Ba 

5*1 

8*7 


Considering cations of the same valency decreasing adsorption tendency seems 
to run parallel with increasing molar zone lengths. Increasing valency increases 
the molar zone length. 

l"he length of a cation zone is to some degree influenced by the anions present 
ill the solution as shown by the following figures. 

TABLE II 


h (cm.) 



! 

so;" 1 

cr 

no; 

CH3COO'' 

Mn + 

! 

0-2 j 

0*4 


0*6 

Cu+ i 



7*7 

1 

7*1 

11 ' 

; 

2-8 ! 

j 

3*3 

1 



The effects are not very important, but they seem to a certain degree to be 
specific. 

3. Chromatography of Cation Mixtures. — If we add to a solution of 
a less strongly adsorbable cation Mg, an elongation of the chromatographic 
zone of is observed. The reason is that a mixed zone of Mj and Mg is formed. 
Fig. 2 shows the relative elongation g — hjh^ as a function of the concentration 
ratio [MiJ/fMo] in solution. The tendency to form a mixed zone increases with 



Fig. 2 , — The relative elongation of the chromatographic zone as a function of the 
concentration ratio in the mixture. 

decreasing difference in adsorption afifinity. Consequently ions such as Ni and 
Co are completely mixed on adsorption. Only when the difference in adsorption 
tendency is considerable will the zone length of a cation be apparently independent 
of the presence of other cations. Analysis of the ion distribution in the zone shows 
that the ion concentration seems to be constant over the whole zone ; this is 
also the case in an elongated mixed zone. 



C\ OQ 


<0 <0 ^ ^ 



1.- ('Iiroinatom-anis of C'u C'd niixluros (di'Vi'loprd with 1 US) and Cu- Ni (^le^a‘lopcd 
witli diniotliyl^l^oxinic). 

C'u ; C'd Cu i Ni - 4 


[To face page 19‘J 
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Simplified calculations show that this is in accord with the concept that the 
composition of the mixed zone is determined by an equilibrium of the type : 


We can write : 


Mj" + M2(Ai,Oa) = + Mkai.Os) . 


(I) 


where the C’s are concentrations of the original solution : a*s denote activities, /'s 
activity coefficients, and N's the mole fractions of cations in the adsorbed zone. 

If we assume =/2 when 0-5 (symmetrical activity functions), 

it follows that K ^ when h — 

As only rough figures of K are required, they are not corrected for the deviations 
from proportionality between h and c, and for differences in molar zone length 
of Ml and M^. These two approximations influence the values of K in opposite 
directions. 

Equilibria between ions of different valency may be treated in a similar way 
by putting, for example, 

X = -/ m , 

Cm,+ + . . /^, 

It follows as before that 

k ^ Cm^ + /Cm,i + , 

where /^m, = 2*63^Mj. 

From these experiments we can set up a scale of the adsorption affinity of 
cations, where the difference between two ions gives an approximate value of logi © K 
for an exchange equilibria of the type (i). In order to have only positive numbers 
on the scale we give the relatively weak adsorbable Na"*" ion the arbitrary value 
of o. 


TABLE III 


(Na o-o) ; Mn« o-8 ; Ni, Co, Fe^ i-i ; Cd i-ig ; 
Zn 1-8 ; Cull 3.5 ; Pbii ; (HgH 8). 


It is evident from Table III that several of the common ions Mn, Ni, Co, Fe, Cd 
are situated close together, i.c., within i-o unit on the log AT scale. These ions 
therefore, in particular, will tend to form mixed zones. 

In an earlier communication * the alkaline earth metals were included in the 
scale. Later experiments, however, seem to indicate that the adsorption 
phenomena of mixtures including these elements are more complicated than was 
previously thought. For example, Ba forms a mixed adsorption zone with Ni, 
but this is also the case with the more strongly adsorbable Cu ion. 

4. Chromatography of Complexes. Chromatographic Titration. — 

Klectrically neutral molecules or negatively charged complex ions show a 
negligible adsorption tendency on paper not previously treated with acid. This 
allows of the possibility of separating cations by addition of complex-forming 
reagents. When the constants of the comi)lex formation arc known, it is possible 
to predict the chromatographic result by simple calculation using the values of 
exchange constants given in §3. 

This can be demonstrated by the chromatographic behaviour of glycine 
complexes, where the constants of the stepwise complex formation are known 
for some of the common ions.® Details will be published elsewhere, and only 
some of the results will be mentioned here. 

• Flood and LorAs, Tidsskr. kjemi hergvesen metalhirgi, 1945, 3, 83. 

G 
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(a) Copper Glycinate Complexes. The calculations show that with a 
solution of Cu/Gl/Na — i/i/i, the CuGP ion in contact with the adsorbent will 
disproportionate quantitatively into adsorbed Cu- and unabsorbable CuGl*. 
(G 1 = glycinate ion). Therefore when a solution of Cu^ ^ is added to one of 
NaGl, the mixture behaves as if composed of Cu^ ^ and CuGlg. This method, 
called chromatographic titration, can be used for a quantitative determination 
of copper. To a series of copper solutions are added known amounts of NaGl 
and the solutions are chromatographed. The equivalent amount is determined 
by extrapolation to zero zone length (Fig. 3). The determination is rapidly made 
and the accuracy obtained is better than ■± 5 %. Several other weaker complex- 
forming cations (such as Cd, Co, Ag, etc.) will not aflect the copper determination. 

(b) Corresponding calculations for Ni glycinate complexes show that the 
difference in affinity of Ni and Na is not large enough to give more than ca. 85 
mole % Ni in the adsorption zone in contact with a solution Ni/Na/Gl = i/i/i. 
Furthermore, with a solution of Ni/Na/Gl = 1/2/2, an appreciable amount of 
adsorbed Ni (10 mole %) is obtained, assuming that the adsorption tendency 
of NiGF is comparatively small. 

This is in good agreement with the experimental chromatograms (Fig. 3). It 
is necessary to add a considerable excess of NaGl (Ni/Gl ~ 1/2-5) before the 
adsorption of Ni becomes negligible. (The reason for this is the formation of the 
third complex, NiGl/, which has the effect that excess of glycinate >1/2 does 
not increase the concentration of glycinate ions as much as in the case of copper.) 
Ni therefore cannot be titrated chromatographically with glycine. 

(c) Chromatographic Separations by means of Glycinate Complexes. 
When NaGl is added to a solution of two cations and the result can 
be easily predicted. When we consider for example the equilibrium, 

MiGl"^ + M2 (ai,o,) = MgGl'^ + M 2 (ai, 03 ) 

in a solution containing 

CMi+ = CMi'+ = 2 Cgi~, 

we find 

where K is the exchange constant given in § 4. is the instability constant for 
the complex ion MGl ^ . 

Table IV gives the calculated values of for some cation pairs. It is evident 
that the addition of glycinate may effect considerable changes in the normal 
adsorption sequence. 


TABLE IV 


Ml 

M, 

j 

log 

logii:i(M,) 

log/C 

, / JVm, 

Cu 

Zn i 

- 8-2 

- 4-8 

+ 1-8 

— i«6 

Cu 

Ni 

- 8-2 

- 5-8 

+ 2-5 

+ o-i 

Cu 

Co 

^ 8'2 

- 4-6 

H- (2-5) 

— 0-9 

Cu 

Cd 

- 8-2 

- 3-9 

+ 2-5 

~ 1-6 

Ni 

Co 

-5-8 

- 4-6 

(0) 

— 1*2 

Ni 

Cd , 

1 

- 5-8 

- y9 

(0) 

— 1-9 

Co 

Cd 

- 4-6 

~ 3-9 

(0) 

- 0-7 


Alter glycinate addition, Zn, Co and Cd are more strongly absorbed than Cu, 
and Ni is as adsorbablc as Cu. These results are in good agreement with the 
experimental results (cp. Fig. where Cu-Co, Cu-Cd and Cu-Ni and Cu-Mg 
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J ig. 3 . 

(1) ('ll i^hciu.iti'- I 'o (g) \i ”lv< male — 1 

(2) ('ll ulvi inatr I 1*0 (7) Ni ^Ivcmalt' - - i 2*0 

( ^) C u,s2l>'i iiKile - XiJ4\’](mate 1 J*J 

(.^) ('ll male 1 2*o (<i) Xi 'i;l\ email' 1 2 *} 

(3) (.11 L;lyemali - 1 2*2 

(l)-(3) Uevel* >]>eil willi K , l’'i (('X) (>») (<)) J >f'vt*lo]>e(l wilh nil>eaiu\ 
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I'K.. 1. 

(i) C'li/Cu/^Iycinate - i/i/o (j) ( u Xi ^ 1 \ (-male 

(j) Cu/Co/glycinato --- t/i/i (i) Cii 'Xi ,i;lyLinalr --- i/t/i 

<r) and (2) developed with ruhenne (dirty ^rcL'U copper /oiu' and I)ro\\'n n)l)<ill zoiu'). 
(3) and (1) dovulopc’d witli dimothylglyoxime (i^n‘y cnppt'r /oiu*, r<‘d nic'kel /one). 


<» I (> 

;) ( 111 .ini', oi \i (o nnxtuivs to uliuli iiurcasini; .iinouat^ ol n^lvcinc 

wi'i'c added I lie \vliit(‘ /onr.s at the louei end repre^ieiit lutli'oi^en lt)n^ wIikIi are 
i(aaHed h\ c ninj)le\ jormatioii; Ni - IfCd Nit'd . H , etc\ 

din- /Oiu-. aie <ie\elnj)t‘d with iiilx-aiie (brown i obalt and bine iiRkel /oiie^). 

d'he separatKMi is \erv ,i:(M»d m the stri[)s (5) (S) wlieri' Ihe ratio Xi bo L^Iycine 
j 1 I o. 

At lar'-;er nlvcine (’oneentrations tin- ( omplex lonnation ol cobalt becomes marked. 


(0 

\i ('0 ,nlyi'ine 

I 1 0 

(7) 

Xd ('0 glycine - 

1 I o* 

(-X 

N 1 ('0 .i^lyc nil- 

r 1 o-(> 

(S) 

Ni C'o {.^lycim- - 

I [ ; T I 

(d) 

Nj bo ( me 

I 1 1 • j 

(<» 

Xi bo i»lycnu‘ 

1 rT 3 

(1) 

Xi ('0 ,<4lycint‘ 

1 1 -t 

(to) 

Ni bo .ujlyciiK' 

■ 1 ITS 

( 5 ) 

Xi bo I'lycme 

r 1 S'<’ 

(IT) 

Xi ('0 ',L;lyciiU‘ 

J l 

(<d 

Xi bo y,l\-cine 

I 1 7*0 

(1^) 

Ni/(d) 'f^lycine - 

Ti'n 




Img. 6. — riirGinato^^rapliii’ sq)aralion of A}^ from ('u and Cd from Co by additi<m oi 
glycinato (developed with H^S). 

( 1 ) ("d/C o/s 4 lyeinale . i , j /o ( ]) Cu/A^^^ '^^lycinate : - i /i /o 

( 2 ) Cd/('o/^dycmate - i/i/j ({} ('ii/ALj/^dyrinate 1 -' i/j /2 

( [- a little excess of 
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chromatograms arc given). In the case of a Cu-Ni mixture, a mixed adsorption 
zone is formed, and the unadsorbed fraction also consists of both cations. In 
the other two cases only copper is found in the unadsorbed complex fraction. 
In the same way, addition of glycinate gives a good separation of Ni from Co, 
Ni from Cd, and Co from Cd, owing to the decreasing complex -forming tendency 
Ni, Co, Cd. 


Instiiutt for Uorganisk Kjemi, 
Norges Tekniske H(/)gskole, 
Trondheim, 

Norway, 


SEPARATIONS ON 8-HYDROXYQUINOLINE COLUMNS 
By G. Robinson 
Received i^th July, 1949 


This paper deals with the quantitative determination of small variations in zinc 
content of a cupro-nickel brazing alloy by a chromatographic technique. The original 
table of ions separable in this manner on 8-hydroxyquinolinc columns is extended, and 
possible further quantitative separations are discussed. Attention is also drawn to 
certain limitations of the method, though it is considered that it should have some 
popularity for certain specific quantitative applications and a wider range of appeal 
as a useful qualitative sorting test. 


As previously noted by the present author, the technique proposed by 
Erlenmeycr and Dahn ^ of separating inorganic ions on a column composed 
of 8-hydroxyquinolinc and starch was used to determine quantitatively 
small variations in zinc content of a cupro-nickel-zinc alloy.^ The method 
consisted in adsorbing the metals (sample weight 2-6 mg.) from .sulphate 
solution buffered to pH 5-6 with sodium acetate. Tubes of suitable size 
were found to be 10 cm. long by 5 mm. internal diam. Starch and 
8-hydroxyquinoline in equal amounts by weight were well mixed and ground 
to pass a 6o-mesh sieve and be retained on one of 80 meshes to the linear inch. 
Packing was effected by tapping the tube on the bench after each small 
addition of adsorbent ; tamping was found most unsatisfactory because of 
uneven pressures giving rise to slow filtration and unsatisfactory banding. 
Whilst dilution of the above sample weight to a concentration less than 
2 mg./ml. proved to have no deleterious results, higher concentrations were 
found occasionally to give somewhat unsatisfactory banding. In this 
connection, the most frequent trouble was co-precipitation of the green 
fluorescing zinc complex along with the coppe?t band (green in ordinary light) 
at the top of the tube. After adsorption of the coloured complexes, washing 
was most satisfactorily effected with 5 % sodium acetate solution. Dilute 
aqueous acetic acid as sometimes advocated has always seemed to promote 
undue channelling of the column before any effect on the banding could be 
seen. As in the chromato^aphy of organic compounds using alumina 
columns, it was found to be important that the top of the column be never 
allowed to become free of liquid either during addition of the metal solution 
or the final washing. A suitable amount of washing liquid would seem to be 
three to four times the volume of the initial solution. 

^ Erlenmeyer and Dahn, Helv. chim. Acta, 1939, 2a, 1369 ; 1941, 24* 878. 

* Robinson, Mctallurgia, 1947, 37, 45, 107. 
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Quantitative measurements were obtained from the length of the appro- 
priate band as compared with the lengths of corresponding bands obtained 
at the same time and under precisely the same conditions as the unknown 
sample, but using a solution containing accurately known amounts of the 
metals concerned. Where unusually sm^l amounts of metallic ions had to be 
determined it was found advisable to reduce the diameter of the column of 
adsorbent in order to allow the formation of a measurable length of coloured 
band. The colours of the respective bands of the three metals were (in 
descending order down the tube) : copper, dark green ; nickel, yellow ; 
zinc, yellow. Fortunately, only the zinc complex was fluorescent in ultra- 
violet light so that its zone length could easily be measured. 

As foreshadowed in the previous report on the above work, it was hoped 
to utilize the 8-hydroxyquinolinc technique as a means of identiftcation and 
possible determination of the constituents of alloy steels. It was soon found, 
however, that the large amount of iron present in these alloys constituted 
a very serious difficulty because the whole of the column became stained 
with the ferric complex, so that virtually only one large black band existed. 
Various attempts were made to restrict the iron band to its correct position 
on the column (i.e., below the yellow zinc zone). The first line of attack was 
to find an optimum pH which would allow of a sharp separation, but no 
success was achieved within the range pH 3-8. This appeared the most 
likely range as below pH 3 the mobility of the iron might have been sufficient 
to enable it to be washed out of the column, but the other bands were far too 
imperfect, due to channelling, to allow of identification. Above pH 8, all 
that could be seen was a single heavy black zone of iron, which presumably 
contained everything else, even where complexing of the iron with tartrate 
was used to prevent its prior precipitation as the hydrate. 

So far, the only conditions under which any other complexes than iron 
could be seen (and even then measurement was virtually impossible, so 
prohibiting quantitative work) have been achieved by reduction of the iron 
to the ferrous condition with hydroxylamine hydrochloride. In this 
circumstance the ferrous complex appeared as a faint greenish-grey band 
occupying almost the whole of the column, but above which could be seen a 
green band due to Mn, a yellow band due to Ni, and an orange band due to 
Mo in that order, when using nickel steels containing from 0-5 % to 3*5 % 
nickel and up to 0-5 % molybdenum. With a plain carbon steel containing 
0*25 % vanadium, the grey vanadium zone was seen immediately above the 
manganese band. 

Even these rather disappointing results were only obtained by packing 
the column for a distance of about 2 cm. above the 8-hydroxyquinoline- 
starch mixture with powdered hydroxylamine hydrochloride in order to 
maintain adequate reducing conditions : again, the most satisfactory pH 
range appeared to be about 5-6, though if one was prepared to sacrifice some 
defmition of the manganese zone in ordinary low-alloy steels, and of the 
tungsten zone in high-.speed steels, slightly better results were obtained 
at pH 3 (minimum). High-speed steels did not seem very satisfactory 
materials, owing to the need for either complexing the iron, to allow work at 
high pH values, or alternatively complexing the tungsten, for working at the 
other end of the scale. Both methods gave rise to indeterminate banding 
and doubtful colours. 

8-Hydroxyquinoline columns have been used with far greater success in 
non-ferrous analysis and, provided one only attempts to use alloys of simple 
composition, the method has definite value for determining local variation 
in composition or rapid identification of extraneous metals, especially where 
one is limited as to amount of sample available. It has been possible to 
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determine the stability of silver in a brazing alloy on brazing, by a method 
similar to that reported elsewhere for zinc. The alloy concerned contained 
89 % copper, 2 % silver and 9 % zinc. Silver produced a yellow band 
above the green copper zone when working at pH 3*5 to 4*5, which appeared 
the most suitable range, though to prevent channelling a 40 % oxine-bo % 
starch column had to be used instead of the normal 50/50 mixture. That the 
upper yellow band was free from possible contamination with co-precipitated 
zinc was verified by the fact that only a faint yellow fluorescence in ultra- 
violet light was observed whereas the lower zinc zone showed its familiar 
bright green fluorescence. At higher pH values than 5 some co-precipitation 
takes place and quantitative work is impossible. However, in no case where 
silver was absent has precipitation of the zinc above the copper been noticed, 
so it would seem that an upper yellow line or band may, in a cupro-zinc 
alloy, be taken as a suggestion of the presence of silver. One important 
observation noted in all experiments with brazing alloys after use was that 
contamination of the metal with iron during sampling was immediately 
evident by a comparatively broad band of the black ferric hydroxyquinolate 
complex appearing beneath the coloured non-ferrous zones. Most samples 
showed a thin black line at this position, rarely more than 0*5 mm. thick, 
and it was considered that this was due solely to diffusion of iron from the 
two metals being joined into the brazing alloy. The band referred to above 
as being due to contamination in sampling was always considerably greater 
than this and was seldom less than 2 mm. in length. 

Results obtained for the two types of brazing alloy considered here, i.e., 
copper-nickel-zinc and copper-zinc-silver, in which only zinc and silver 
respectively were considered, were as follows, one typical case only for each 
type of alloy being quoted. Both cases were calculated by comparison with 
a solution in nitric acid and buffered to the appropriate pH with sodium 
acetate, containing 2 mg. of the as received alloy per ml. In some cases, 
better results for the cupro-nickel alloy have been obtained, however, by 
replacing the nitric acid by sulphuric before the addition of sodium acetate. 


Copper-nickel-zinc alloy 

Initial zinc content 
Final 


Copper-zinc-silver alloy 


Final 


. . 

• • 2175 % 

1st bar 

• • ib-50 % 

2nd „ 

• • 14-50 % 

3rd „ 

14-00 % 

4tb „ 

• • 12-50 % 

t 

2-i8 % 

1st bar 

2-00 % 

2nd „ 

1-75 % 

Srd „ 

1-9 % 

4th „ 

1-75 % 

5tb 

2-00 % 

bth „ 

. . 1-8 % 


The use of a chromatographic adsorption technique on columns of 
H-hydroxyquinoline would seem from the foregoing to be a useful method of 
dealing with the type of problem mentioned, where one is concerned with the 
sampling and ultimate analysis of the thin line of metal left at a brazing joint. 
In those cases quoted it rendered possible the required analysis without the 
necessity for destruction of the finished component. Even in those cases 
where the final product could be damaged completely, only a few milligrams 
of sample free from contamination with the surrounding ferrous material 
were available, and a micro or semi-micro technique would have been 
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necessary in any case. Nevertheless, the method has severe limitations, 
particularly in the field of analysis of ferrous materials. In the non-ferrous 
field the greatest problem would appear to be that of distinguishing between 
complexes, due to the fact that so many are yellow in colour, and none 
except zinc and magnesium have distinguishing fluorescence colours. 

Other difficulties seem to be largely of a mechanical nature such as diffuse 
banding and channelling. In the opinion of the present author these faults 
would seem largely due to the solvent action of either the initial solution 
or the wash liquid on the oxine of the column. This would seem to prevent 
the use (so often suggested) of dilute acetic acid as a developing medium. 
The writer has attempted many times, especially with samples of ferrous 
materials, to use this method of development but without success owing 
to the production of comparatively large holes in the side of the column 
and the consequent mechanical displacement of the zones already produced. 
There is no doubt whatever that the black iron complex, so devastating in 
work with ferrous materials, could be washed through the column before 
the other complexes with about 5 % acetic acid were it not for the fact that 
the column itself is literally washed through as well. 

The use of ammonia is complicated also by its solvent action on oxine 
and, since so many metallic oxine precipitates are remarkably stable at high 
pH values, it would seem hardly likely that this reagent would promote 
more satisfactory banding, except possibly with iron, tungsten and 
molybdenum. Thus, it appears fairly certain that the optimum pH value 
for work with columns of this reagent must be very close to the neutral point. 

As a result of the previously mentioned experimental work it would now 
seem possible tentatively to extend the original order of separation on 
8-hydroxyquinoline columns as suggested by Erlenmeyer and Dahn to 
include also manganese, silver and molybdenum, whose positions have been 
ascertained with some degree of certainty. Additionally, aluminium and 
magnesium can be added to this list in approximate positions as a result of 
attempts to use their distinctive fluorescence colours to separate molybdenum 
and cobalt, when fixing the position of the former metal, the order of separa- 
tion now given being : 


V03— . . 

• • grey 

Mn++ .. 

. . green 

WO 4--.. 

. . yellow 

Ag+ 

. . yellow 

Cu++ . . 

. . green 

Bi++ . . 

. . yellow 

Ni++ . . 

. . yellow 

M0O4— 

. . orange 

A 1 +++ .. 

. . green (bright green fluorescence) 

Co++ . . 

. . reddish 

Zn++ . . 

. . yellow (bright green fluorescence) 

Mg++ .. 

. . green (light blue fluorescence) 

Fe+++ . . 

. . black 

UO*++ . . 

. . orange 


Further extension of this list appears improbable unless some satisfactory 
method of separating the yellow complexes can be devised. 

The author is indebted to the directors of Messrs. W. Fearnehough Ltd. 
for permission to publish the work mentioned here. 

The Laboratory, 

W. Fearnehough Ltd., 

Sheffield. 
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VIII. The Separation of Lithium Isotopes by Ion Exchange and of 
Neon Isotopes by Low-temperature Adsorption Columns 

By E. Glueckauf, K. H. Barker and G. P. Kitt 

Received x$th August, 1949 

An essential condition for the successful separation of isotopes (or of any substances 
of very similar sorption characteristics) is that the chromatographic boundaries between 
the species to be separated remain as sharp as possible. The effects of such experi- 
mental features as grain size, flow-rate, concentration, pore space, diffusion constants 
in the liquid and in the sorbent phase arc discussed. 

Preliminary experiments to test these conceptions have been made by separating 
(a) lithium isotopes by ion-exchange columns and {b) neon isotopes by low-temperature 
adsorption columns. Though in the case of lithium almost pure ’Li has been obtained, 
the quantity of material enriched has been far less than expected. A similar ol)servation 
was made by Taylor and Urey in 1938. 

Tn the case of neon separations the effect of variations in experimental conditions 
on the enrichment is well represented by the theoretical equations, and the absolute 
values of the theoretical plate ” height calculated from the observations agree with 
the theory. 


Symbols 

a r- numerical factor connected with the form of the grains ; for spherical 
grains “ 1/4^®. 

A — g. sorbent per cm. of column length = xjJ.. 

c 9(^) = the concentration of the solute, or in case of tw^o solutes, of the 

following solute (mole/1.). 

C the total concentration of all solutes. 

d — grain diameter (in cm.). 

and = diffusion coefficients of the solute in the solid sorbent and in the 
liquid phase respectively. 

= self-diffusion coefficient of neon, 

f[c) = j*(c) CLC ^ amount of solute per g. sorbent including the pore space. 
F “ eluate velocity in ml. per sec. 

L rrrz length of the whole column (in cm.). 

— amount of solute adsorbed when not in equilibrium with solution. 

Q - total amount of all solutes adsorbed per g. sorbent. 
s .™ density of sorbent material. 
t time (sec.). 

V volume of eluate from bottom of the column (in ml.). 

= threshold volume = Q • x/C. 

X = distance from top of column (in g. sorbent). 

X ==r length of column (for elution experiments) or otherwise : length of 
column passed by the frontal band, i.e., position of the front pf 
solute I = CvlQ (in g.). 

X = hypothetical position of the sharj) front of solute 2, if no disturbances 
were active. 

z “ distance from top of column (in cm.) . 
a = pore space in ml. per g. sorbent. 

^ — thickness of laminar solvent layer through which diffusion takes place. 

A — disturbance factor, representing all disturbances : A/2y4 corresponds to 
the height of a theoretical plate.'' 
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□ = free cross-sectional area of the column through which the solvent flow 

passes. 

Q 

7) = relative enrichment = ^ . 

c 

The superscript ° refers to the original concentration of a solute. 
The subscripts ^ and j refer to the less and more adsorbed solute 
respectively. 


In the theory of chromatography it has become customary to introduce 
simplifying assumptions which render it possible to deal quantitatively 
with certain aspects of chromatographic procedure. In order to study 
the effects of the adsorption isotherm on the distribution of solutes in the 
column it has been necessary to assume that the grain size of the adsorbent 
is infinitely small and that no disturbing effects due to diffusion or non- 
equilibrium occur in the column. On the other hand, where such disturbing 
effects have been treated workers have usually dealt only with a linear 
isotherm, for which it is possible to solve the differential equation, although 
certain features occurring with the normal non-linear isotherms are lost. 

The case of non-equilibrium due to grain-diffusion has been discussed 
for non-linear isotherms, but the discussion was restricted to the effect on 
self-sharpening front boundaries, such as occur in frontal analysis and 
displacement development (see Tiselius ^). The reason for this was that 
these boundaries reach, after an initial period, a final shape and gradient, 
where the disturbing effects and the self-sharpening tendency due to the 
curved isotherm just balance each other. This final shape is accessible to 
calculations. 

Table I gives a survey of these partial problems and of the authors who 
have dejilt with them, and at the same time shows the gaps which still exist 
in our present knowledge. 

The main gap in our knowledge is connected with the effect of disturbances 
on the shape of the rear boundary of chromatograms in the case of non- 
linear isotherms. This problem depends on the solution of differential 
equations of the type : 

+ (Ll - ^ (S)., = ® type a, b), . (i) 

(5.-). + (E). ° (Disturbance type c), . ( 2 ) 

which has so far not been possible, except in the case of linear isotherms. 

The recent developments of the theory, however, make it possible to 
discuss with confidence the influence of some experimental factors on the 
efficiency of chromatographic separations. Such factors are grain size, 
flow rate, temperature, diameter of column, uniformity of packing and 
quantity of sorbent. The last two need not be discussed here. The need 
for uniform packing has been stressed from the very beginning of the 
chromatographic technique. The quantity of sorbent required for complete 
separation is a function of the quantity of the solutes to be separated and 
of the multiple adsorption isotherm (see ^ » 4). 


^ Tiselius, Arkiv. Kemi, Min. Geol. A, 1943, 16, No. 5, paper 18. 

* Glueckauf, Proc. Roy. Soc. A, 1946, 186, 35. 

* Coates and Glueckauf, J. Chem. Soc., 1947, 

* Glueckauf, J. Chem. Soc., 1947, 1321. 
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The influence of the other four factors is somewhat complex and it is an 
advantage to deal rather with the fundamental phenomena of 

(i) effects of finite grain size, 

(ii) diffusive mixing in longitudinal direction, 

(iii) non-equilibrium (due to slow diffusion in the particles), 

(iv) non-equilibrium (due to slow diffusion in the liquid). 

The best way to demonstrate the efect of these phenomena on the efficiency of 
separation is to discuss their effect on the gradient of self-sharpening front 
boundaries between two solutes for the case of displacement development. 


TABLE I 

Survey of Theoretical Literature 




Ideal Column 

Disturbing Effects 

A Grain size b Diffusion 
c Non-equilibrium (grains) 

D Non-equilibrium (solution) 

Linear 

( Single 
\ Solute 

(5) 

A (6) (7) 

D (8) 

Isotherm 

/Two 
\ Solutes 

j 

(5) 

A (7) this paper 

Non-linear 

/ Single 
\ Solute 

(g)(lo)(n) 

c : (12), A, B, c, D : this paper ; discussion 
limited to front boundary. Diffuse 
rear boundaries : unsolved 

Isotherm 

/Two 
\ Solutes 

( 9 ) (2) ( 3 ) (4) 
(f 3 ) 

A, B, c, D : this paper ; discussion limited 
to frontal interboundary. Diffuse rear 
boundaries : unsolved 

Calculation of non- 
linear isotherm from 
elution curves 

{<)) (14) (15) (16) 

A, B : (17) 


A. Boundary Considerations for the Case where a Frontal Band 
of Pure Solute 1 has been Formed. — It is apparent in displacement 
development where the separated bands do not move away from each other 
that the efficiency of the final separation depends entirely on the width of the 
separation zone, which itself is dependent on the gradient of the boundaries. 

For the gradient dcjdx in the column and dc/di' of the elution curve of 
the slower of the two solutes we obtain the following equations. 

In the case of the disturbance phenomena (i), (ii), (iii) : 

_ /^\ l'^\ {Ki or K^yj- Kj3 

\uj, /(0\5cA" c°f(c)if(n - c ’ • • '3; 

^ Wilson, J. Amer. Chem. Soc., 1940, 62, 1583. 

« Martin and Synge, Biochem. J., 1941, 35, 1385. 

‘ Mayer and Tompkins, /. Amer. Chem. Soc., 1947. 2866. 

« Boyd, Myers and Adamson, J. Amer. Chem. Soc., 1947- 69. 2836, 2849. 

* T)e Vault, ]. Amer. Chem. Soc., 1943, 65, 532. 

Weiss, J . Chem. Soc., 1943, 297. 

Glueckauf, J . Chem. Soc., 1947, 1302. 

Glueckauf and Coates, J. Chem. Soc., i947> 

Glueckauf, This Discussion. 

Weil-Malherbe, J. Chem. Soc., 1943, 303* 

Glueckauf, Nature, 1945, 156, 748. 

^“Glueckauf, Nature, 1947, 160, 301. 

Glueckauf, J . Chem. Soc., 1949, 3280. 

* Both Aj and take account of mixing effects in more or less the same space so 
that the larger of the two ought to be used only. 

G* 
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and in the event of (iv) : 


Kj, 

o-fli-Aci 


( 4 ) 


As is shown in the appendix in detail, one can derive for the value of the 
constants, 


II 

• (3a) 

„ oiDtA^ 

• { 3 b) 

ad^Ff*{c°y 

bAmY .... 

• { 3 c) 

MFs 

6 Dr 

■ ( 4 «) 

is proportional to ijF and for laminar 

flow (and 


small grain sizes) S ad. 

In the case of isotope separation the variable boundary functions (in the 
denominator) become simplified and identical, and we obtain 


/^c\ 

\hx)v 


m 

■ 


- A ■ C ■ 


Ca). 


( 5 ) 


where C is the total concentration of both isotopes and Cg that of the slower 
isotope, K is the separation factor and A = (K^ or K2) + K2 + K^. In 
the case of ion exchange K is the equilibrium constant, and for adsorbents 
it is the ratio of the adsorption coefficients of the two isotopic solutes. 

Eqn. (5) shows that, while boundary phenomena may be of secondary 
importance in the separation of compounds with large separation factors, 
they attain a first-rate importance, when K is small. Except for H, He 
and Li isotopes, separation factors are always less than i*oi. 

If numerical values are inserted into eqn. (3) and (4) one can see that 
for different types of chromatographic technique different terms will be 
predominant. In ton exchange, the predominant term is usually due to 
non-equilihrium (K^ or though we have been able to reduce grain size 
and flow speed to such an extent that the diffusion term becomes domi- 
nant, which results in a not very pronounced optimum as regards sharpness 
of the boundaries. An increase of temperature, increasing the values 
of Ds (and A), is, as a rule, beneficial in the case of dominant non-equilibrium, 
and this is borne out by experiments (see ^ ’ ^^). 

In the chromatography of organic substances on impermeable adsorbents, 
where adsorption equilibrium is almost instantaneous, the predominant 
term is due to the effect of finite grain size Ki. Thus the separation of 
substances which are very difficult to separate should therefore be con- 
siderably improved by reduction of the grain diameter.^* Accordingly one 
would expect here httle effect (within limits) from variations of flow 
velocity ; this corresponds to general experience. The effect of the diameter 
of the column and of the particle size, in this case, was well shown by 
Weil-Malherbe (Fig. 3 and 4), and whilst his experiments (non-linear 
isotherm -f disturbance + complete band development) cannot be inter- 
preted quantitatively, the effect observed corresponds to what one would 
expect from eqn. (3a). 

Apart from excessively low flow velocities it is only in gas chromatography 
and possibly in partition chromatography on a paper adsorbent that the 
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diffusion term attains major importance and here the flow velocity cannot 
be reduced beyond certain limits. In the first case a reduction of tem- 
perature should be of double benefit, since not only will the separation factor 
be increased, but Di (and Ds) will also be reduced. 

Diameter of Column. — ^This is defined by the factor A (g. adsorbent 
per cm. of column) which enters and It is therefore important in 
those cases where the finite grain size effect is predominant, e.g., in the 
separation of organic substances by surface-active sorbents. A reduction 
of the tube diameter combined with increased length will therefore be an 
advantage. This corresponds to the general practice when difficultly 
separable substances are concerned. 


B. Frontal Phenomena in the Case of Partial Enrichment only. 

— In most cases of isotope separation a frontal band of a pure species does 
not usually appear but only smaller or larger enrichments of the less adsorbed 
isotope are achieved. In this case the form of the boundary is not given 
by eqn. (5) which apphes only for the “ final " state, i.e., after appearance 
of an S-shaped boundary and of a pure frontal band. If there is only 
moderate enrichment, eqn. (i) for the more strongly adsorbed isotope Cg, 
if this is only as a small proportion of the total concentration becomes 


QK 
C 




as 


f(C2) 


QK 


cj(i + (K~i)- c,IC), 


( 6 ) 

( 7 ) 


where (K — i)c2/C < i and can be neglected for Cg < C. 

Here Q is the total amount adsorbed per g. adsorbent in equilibrium with 
C ; C is the total concentration of both isotopes ; K is the separation factor. 

K = and x = v Q/C. 

In the following the subscript 2 is dropped. The boundary conditions are 
c = c° for V — o, X < o, 


and 


QK 

c 


(c^ - c) . dx = V . . (K - 1), 


which is a condition for the conservation of mass of solute 2 within the 

X 

boundaries of the total solute band. Instead of j we can wTite with an 

X 

- o 

almost infinitesimal error . The solution for eqn. (6) under these 

- 00 

conditions has been obtained by Dr. B. Davison (A.E.R.E.) : 




1 


erf 


2 



(.r-a;)*) 

■4M 




ajL' 




X 


H- 


A{x - x) - 2{K -i)x\' 

j 



( 7 ) 


where x = x/K, which is the point where the front boundary of solute z 
would be in the case of A = o, i.e., if there were no disturbance. For 
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values in the vicinity of the front boundary in the case of small enrichment, 
i.e., for X < I^j{K — i)* this equation simplifies to 

= 2 {K - I) V’WAtt -[K- I)*f/2A - (if - 1){X - x)IA . (8) 

c 

Eqn. (8) gives the possibility of calculating both K and A from the experi- 
mentally observed slope and the enrichment at the front boundary. Using 
the symbols t) for the relative change of the isotope ratio and 5 for the 
gradient of the latter with respect to x, both referring to the front of the 
band, we obtain 



or in the case of eluted solutes 


C (^- i) 

Q' A " 


Solving for (K — i) and for A (whereby x in eqn. (9) can be considered 
equal to x) gives 




A = X7C 




where the last term in the bracket is no longer of importance. 

If K is known, it is possible to calculate A from any observation near 
the front boundary by transforming eqn. (8) into 


^ = r 4 (^ -\{k-zy- 

7]^ J L ^ 


2(K Vt) 

7] F, 


C. Application to the Separation of Isotopes. — It is observed from 
eqn. (5) that, in the case of isotopes, due to the small factor (K — i), the 
enrichment zone extends greatly in length and becomes the most important 
part of the chromatogram ; moreover in the case of isotopes a frontal band 
of pure species is not usually obtained. For a better understanding, it is 
useful to draw a comparison between this enrichment zone and a distillation 
column. 

Both are based on the equilibrium distribution of two or more substances 
between two phases. In distillation these phases are liquid and gas, in 
chromatograph they are liquid and solid. In the first case we have two 
mobile fluids, which easily lend themselves to a counter-current process 
owing to their physical characteristics. This counter-current leads to a 
cascading of the single-stage equilibrium enrichment. 

In chromatography we have only one fluid. In order to produce a 
counter-current, it is necessary, as the solid phase cannot move, that the 
" fractionation column is shifted with respect to the solid phase, i.e., 
the bands of solutes pass through the column. The parallelism, between 
distillation and chromatography becomes complete, if we consider the 
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enrichment-zones of the chromatographic band as “ mobile fractionation 
columns/' If the observer travels along with the enrichment zone in such 
a way that he always stands at the sharp front boundary, then the situation 
is exactly analogous to a distillation column with the observer standing 
at the reflux head. There are many similarities in the equations and 
A/zvl in eqn. (i) corresponds to the height of a " theoretical plate " in a 
distillation column. 

Experimental 

Experiment on the Separation of the Lithium Isotopes. — In order to 
obtain the smallest possible value of A experiments were made using : 

(a) an ion-exchange resin, Zeo-Karb H.I., for which a diffusion coelhcient 
of about io“® cm. 2/sec. was obtained (faster ion exchangers are now available) ; 

(/;) a fairly uniform grain size of about 1-5 x lo'^ cm. diam., which was 
obtained by grinding and subsequent fractionation by air elutriation ; 

(c) a flow-rate of only 4 x lo"* ml. /sec. 

Other experimental data were ; 

Amount of exchanger, 45 g. = x. 

Original solution, N lithium acetate. 

Threshold volume, 162 ml. = | ^ 

Pore space ratio (a), 0-3 ml./g. exchanger. 

Length of column, 90 cm. — x/A . 

Samples of J ml. (= 3 drops) were collected and were analyzed for isotopic 
composition. 

Several runs were made with a number of identical tub'cs, and it could be 
observed that by far the most important factor influencing the efficiency of 
separation was any distortion of the horizontal 1 boundary. Inclined and serrated 
boundaries give rise to lateral diffusion, the effect of which cannot be assessed 
cjuantitatively. As the column of the Zeo-Karb changes to a paler liue at the 
front boundary of the Li acetate solution, this feature could be checked visually. 
Onty one run gave a perfectly straight and horizontal boundary and the data 
of this run are discussed below in detail. As would be expected the other runs 
gave much lower changes of the isotopic ratio in the eluted solution. 

Determination of the Isotopic Ratio of Lithium. — A nuclear reaction 
was used for the isotopic analysis. When ®Li is bombarded with slow neutrons, 
heavy ionizing particles are emitted according to the reaction : 

«Li + In ILi* -> JHe -f ?H + 4-6 MeV, 
while no comparable reaction occurs with JLi. 

The ranges for the disintegration products in air are 1*5 cm. for the ^He and 
5-5 cm. for •‘’H particles. As the two peirticles are emitted in opposite directions 
the chances that one of them enters the ionizing chamber and produces an 
ionization sufficient for triggering the counting device are very large. Thus 
the number of disintegration particles counted under neutron irradiation gives 
a convenient measure of the relative amount of the lighter isotope. By reference 
to a standard of unseparated lithium salt with 7-5 % ®Li, these observations 
can be expressed as percentage enrichments or depletions. 

After some preliminary experiments it was dec ided to employ an air-tilled 
ionization chamber in })refereiice to either a fast, argon-hlled chamber or a 
proportional counter. This method has the advantage of simplicity and 
reliability of operation and greatly facilitates the changing of specimens. The 
efliciency of detection of the disintegration particles can be made greater 
than in the other method by actually incorporating the specimens in the 
chamber. As shown in Fig. 1 the target disc D constituted one plate of the 
ion chamber. 

To minimize the background due to y-rays from the Ra-Be neutron source, 
the volume of the chamber was kept as small as possiL)le compatible with a 
good signal to noise ratio. The chamber was of the parallel plate type and 
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had a cylindrical guard ring G surrounding the collecting electrode E', Polythene 
insulation was used and the outer cylindrical cover E was connected to the 
H.T. electrode. This cylindrical shape facilitated the insertion of the chamber 
in a paraffin block employed to slow down the fast neutrons. The electrode 
spacing was 4 mm. and the applied h.t. voltage 2000 V, giving a collecting field 
of about 5000 V/cm. throughout the series of experiments. The effective 
volume of the chamber was about 1*5 cm.*. 


G 



Fig. I. — Ion chamber for observing the particle emission from •Li during neutron 

irradiation. 


B 



Fig. 2. — Irradiation arrangement. 
I Ion chamber. 


Fig. 2 shows the dispositions of Ra-Be source, paraffin moderator P and 
lead shielding Pb. At least 10 cm. paraffin surrounded the source in every 
direction. The radium was pushed into a lead tunnel when the specimens 
were changed by hand. No lead was required between the source and chamber 
to cut down y-radiation, which were al out 2-3 cm. apart. 

For convenience the pre-amphher A was contained in the same screened 
box S as the ion chamber, to keep the effective collecting capacity at a low value. 
This was followed by a five-stage resistance -capacity coupled amplifier of con- 
ventional design, with a negative feedback. The filaments of the amplifier 
were supplied in series from a stabilized source of d.c. in an attempt to improve 
the gain stability. 
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The characteristics of amplifiers were : 

Noise level (root mean square), 4jxV. 

Equivalent number ion pairs at input, /^looo. 

Time constant of differentiating stage, 200 [x sec. 

Pulse growth time of amplifier, 5 p sec. 

The amplifier was followed by a discriminator, a scale-of-ioo counting unit 
and a cathode ray oscilloscope for visual monitoring of the amplifier output. 
The introduction of the neutron source increased the noise level by roughly a 
factor 2. The target discs were made circular with a slightly concave surface 
to counteract surface tensional forces which tended to cause a heavier deposit 
around the circumference of the discs. The reverse side of the target was flat 
and rested in a recess bored in a block of polythene. 

The lithium acetate samples were converted into sulphate and a solution 
of approximately 5 mg. of the latter was evaporated on the circular target disc 
of I in. diam. All specimens were measured several times in alternation with 
blanks, with natural lithium sulphate samples and with no source present ; 
corrections were made for background, contamination of the sample by natural 
radioactive substances, differences in weight, etc. 

Results and Discussion 

In the most successful run, the front boundary of the total lithium 
was exceedingly sharp. Sbven drops after the first spectroscopically 
noticeable trace of Li the concentration had risen to 88 % of the final 
value. 

The result of the isotopic analysis is shown in Table II. 


TABLE 11 

Data from the Chromatographic Separation of Lithium Isotopes 


Sample No. 

V - 1 62 

/■* 

®Li Cg 

Milli-cquivalent 
’Li enriched 


«Li -f 7 Li c 


< 0 

Spectr. pure 



I 

0 - 0*33 

0*12 

0*005"] 

0*04 

2 

0-33- 0-67 

«*59 

^ L o-oi 
0-050 f 

o*i6 

3 

0*67-1*00 

1 0*88 

0*10 

4 

1*00-1*33 

0*92 

0*067 J 

0*03 

5 


0*96') 

0-075 = ejC 

Est. 0*01 

6 

1*67-2*00 

I-O J 

Total 0*34 


In Table II Col. 2 gives the volume of eluate after the lithium threshold 
(162 ml.), Col. 3 the concentration C of total lithium in the eluate sample, 
Col. 4 the ratio ^Li/C^Li + ^Li) analyzed by the described nuclear reaction 
method, and Col. 5 the amount A [jii of less adsorbed isotope (’Li) by which 
the frontal region has been enriched. This is given by 

Ap.1 -- Ai; (ci — ^ 2 /^ 2 °) = Av C(c2° — C2)/C2°. 

These data disagree considerably witli what one would expect from the 
theory. 

First of all, the total amount of ’Li separated is far too small. One 
would expect this to be 

- (i; - oa) . - i)/A:, (see ^ 

i.e., 2*8 milli-equivalents instead of 0*34 found. 
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Secondly, the gradient of the eluted boundary (at the centre, where 
c* = c^°j2) is acc. to eqn. (5), 

_ 

_i.72 AC 4A • 

Using K = 1-022 (see = 0-075 and the experimentally found (i>cj'<>x)v 

= 0-30 then A = i-o X io“* g. (or 2 X 10"* cm. length). 

An estimate for the value of A = (iifi or K2) K2 + using the values 

a = 0-3 ml./g., 

Di=^ ^ X io“® cm. 2 /sec., 

A == 10"® cm.^sec., 

4 X io‘^ g. K2 = 7 X 10"* g. 

3 X 10'"® g, < io~® g. 

A — 7 X 10'^ g. 

It would appear from this that the assumptions made for Ki and 
were too conservative. But it would be premature to draw conclusions 
until further experiments have been made. A similar reserve must also 
apply to remarks on the deficiency of ’Li at the enriched front. 

One might suspect that this result is due to a small proportion of an 
irreversible adsorption or exchange taking place at the front boundary, 
when the Li ions first contact the exchanger. In this way a small 
proportion of the enriched front would constantly be stripped off. Some 
support for this assumption may be gained from the (single) observation 
that no enrichment of ®Li was observed at the rear of the Li band when 
the latter was eluted with HCl. If anything, a slight deficiency of ®Li 
was observed, which would be the case if irreversibly adsorbed matter from 
the frontal region were eventually released by the stronger adsorbed ions. 

It may be of interest to recall the early experiments of Taylor and Urey 
on the chromatographic separation of the lithium isotopes in columns up 
to 30 m. in length. The large grain size (r^o-o^ cm.) and flow-rate (^^0-05 
ml./sec.) used precluded any spectacular enrichments, as, in spite of its 
length, the column cannot have possessed more than 1000 -2000 “ tlieoretical 
plates.^' But both the enrichment obtained and the actual amount of 
enriched material fell far short of what one would calculate from this figure 
and from the value of iv — 1-022. In the present experiment, too, the 
amount of isotope separated was by one order too small. 

There is an alternative to the irreversible adsorption hypothesis which 
also might explain the failure of these separations. It miglit be that the 
separation factor of the Li isotopes on a Li+ saturated exchanger might be 
ten times smaller than the separation factor on an exchanger which is 
substantially in the Na+ or H+ form. It is the former which is effective 
in the chromatographic separations as carried out, but it is the latter which 
was independently determined by Taylor and Urey. 

Some prehminary experiments showed that such factors can be operative. 
Thus a mixture of CUSO4 and MnS04 did not separate when passed through 
.a column of Zeo-Karb H.I., but gave some separation when 10 % of H2SO4 
was added to the mixture. Experiments to study these phenomena are 
planned. 


leads to 


^1 = 

^3 = 


Taylor and Urey, J. Chem, Physics, 1938, 6 , 429. 
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D. Separation of Neon Isotopes by Chromatographic Separation 
on Charcoal at — 196° C 

Experimental. — The essential part of the apparatus is shown in Fig. 3 (a), (6). 
It consisted of a tube filled with charcoal, into one end of which neon of 
atmospheric pressure was fed. The other end led to a distributing system 
supplying a number of sample tubes which were analyzed with a mass spectro- 
graph. The small dead space in the capillary leading from the charcoal to the 
stopcock was further reduced by filling it with an almost fitting glass rod. The 
charcoal column was filled with nitrogen and left in communication with a 
container of atmospheric neon. A Dewar vessel with liquid nitrogen was then 
slowly raised (by a motor), thus progressively cooling the charcoal tube from 
the rear end. This caused a constant inflow of neon into the charcoal up to 
the end of the low-temperature region, and an adsorption boundary forms which 
in every respect can k)e compared with a chromatographic boundary. The 
small amount of nitrogen originally added is more strongly adsorbed and 
disappears progressively as the charcoal tube is immersed. When the liquid 
N2 level had reached the top of the charcoal tube samples were taken. 

A number of experiments were made varying the experimental conditions 
as described in Table 111 . Run 6 and the preliminary runs were made with a 
column shown in Fig. 3 (a), while subsequent experiments were made on the 
type of Fig. 3 (/>), using thinner and longer tubes. In run 10 and ii a different 
technique was used. The charcoal column was immersed from the start in 
liquid nitrogen and then filled with helium. Then through the column was 
passed a stream of neon which replaces the less adsorbed helium, and advances 
with a strongly self -sharpening front boundary. The arrival of the neon at the 
end of the charcoal column was noticed by the colour of a high-frequency 
discharge, and the front sample of the neon band was analyzed. 


TABLE III 

Experiments on Neon Isotope Separation 


No, 

A 

L 

9 

diam. of 
column 

d 

diarn . 
of 

grains 

; Time of 
Vt 1 expen- 
1 merit t 

1 

Sample i 

V~ Vt C 2 ~^ 2 . 
ml 

/ j 00 

Sample 2 

V 1 ^ f 2 — 2 
ml. 

' 100 

Sample 3 
v—Vt Cg"— Cj 
ml. ^2° 

X 100 

8- 

cm. 

cm. 

cm. 

ml. 

sec. 

0 

4*5 

25 

0*7 

0*012 

234 

840 

0-0*4 5*9 

0*4 -1*0 4*8 

I* 6 - 2*2 4*1 

7 

3*0 

52 

1 

0-3 

1 " i 

1 

' 5 (> 

1320 

lost 

o*3-o*0 6*9 

j I Sample 4 of No. 6 

8 


M 



- 

- 

i 0-2 7*1 

2*0 -2*T 5*0 

1 

1 3 - 2 - 3-8 3 -g 

y 

3*4 

47 

M 

i 0*017 

j 

197 

1200 

0-0*3 8*4 

1 

i o*3-o*6 8*0 


10 


.. 


1 

i ” 

- 

780 

0-0*5 M *9 



11 




1 

I .. 

! 

: " 

4000 

0-0*6 5*9 

j 

i 



Discussion 

The combined data of run 7, 8 and 9 render possible a calculation of 
{K — i) by means of eqn. (ii) and (12). With a lesser accuracy (on account 
of the scatter of the points) the data of run 6 can also be used. From 
run 7, 8 and 9 we obtain K = roozi ; from run 6, K = 1*0019. 

Using the value of K — i*oo2i we can calculate by means of eqn. (13) 
the values of A for the various runs from the change observed in the isotopic 
ratio and obtain the figures in Col. 2 of Table IV. A = Kg can also be 
calculated from eqn. (3^). (As mentioned before, in gas chromatography 
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Fig. 3.-— -(a) Single charcoal tube. int. diam. 0*7 cm., length >^25 cm. ; {b) two double 
charcoal columns, each 25 cm. in length, about 0*3 cm. int. diam., for separation of 
neon isotopes at liquid nitrogen temperature. 




Fio. 4. — Scheme for balance of solute mass : (a) In case (i) (disturbance caused by 

finite grain size) ; (6) in case (ii) (disturbance caused by longitudinal diffusion). 
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longitudinal diffusion is the dominant disturbance.) The values used (at 
77° K) are 


A = 


c ^<77 n 273 + 252 

^ = "t ■ oi/o ' = 0-445 X ^ ^ ^ 


L‘ t 293- - ' 77 + 252 

(the Sutherland constant for neon being 252®). 


^■,5/2 

273' 


0-0298 


TABLE IV 

Theorehcal Plate ” Values Calculated from the Observatxons and from 

Eqn. (36) 


No. 

lo® A calc, from observations 
with eqn. (13) 

10® : /Cj calc, from 
eqn. (3^) 

6 

6*7, 9*4, 10*8, 8*5 ; av. 8*8 | 

7-4 (3-9) j 

7 

2*8 ' 

1*8 (0-95) ; 

8 

2 - 0 . 3-2 ; av. 2-6 1 

1-8 (o-95) ^ 

9 

2-4, 2-4 

1 2*0 (1-05) I 

10 

0*64 i 

1-3 (o-68) ! 

II 

4-9 

8-3 U4) 1 


— -- — - 

l_ _ _ [ 


AIK, 


1-2'j 
1-5 L 
1-4 r 
I-2j 


av. 1*4 




It can be noted that the variations of flow-rate and diameter of the tube 
are well represented by eqn. (3^?) for both types of experiment. Also, no 
effect of the change of grain size is observable, as would be expected for 
a diflusion-cont rolled disturbance. As in the case of the Li separation, 
the best experimental .set-up (10 and ii) gives a boundary which is sharper 
(i.e., A is smaller) than expected, though the discrepancy is only by a factor 
of 1-8. The reason for this is probably that only a fraction of the pore 
space a is used in the longitudinal transport of the gas and consequently 
the linear flow-rate is faster than anticipated. If this is confirmed by 
further experiments it will be proposed to change the V2 in eqn. (36) against 
an empirical factor around 27. The bracketed figures in Col. 3 of Table IV 
correspond to this change. 

No reason has so far been found why the first set of runs, using the 
movement of the liquid nitrogen bath as the speed-determining factor, 
should give a less favourable separation (i.e., a larger A/Ag). But the 
absence of any influence of the tube diameter and of the time seems 
to indicate that this is not due to any lack of temperature equilibrium. 

In conclusion, it may be said that the experiments support the theoretical 
deductions as well as may be expected, so that some reliance may be placed 
on predictions made on this basis. This enables one to draw some con- 
clusions concerning the v<ilue of the chromatographic technique for the 
purpose of isotope separation. It is quite apparent that it cannot be easily 
adapted to isotope separation in bulk, when the separation factor is small. 
Both in the case of Li and of neon the amounts of enriched isotope have 
been of the order of a milligram, and while the scaling-up to gram quantities 
is conceivable, the difficulties of maintaining sharp boundaries under such 
conditions should not be underestimated. There is only one field in which 
the chromatographic method is likely to be superior and this applies to 
cases where the absolute quantities involved are exceedingly small and where 
the separation factor is comparatively large. Such a case, for example, 
may be the separation of ^He from enriched helium. With a theoretical 
plate height of o-2 mm. which has been achieved in the neon experiments 
and a separation factor which, at the temperature of liquid hydrogen, 
should not be less than K = i-i, it ought to be possible to enrich ®He by 
a factor of 10 in a column of i m. length. 
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Appendix 

Derivation of the Constants of the Disturbance Term 

Case (i) (Finite Grain Size) 

We consider (see Fig. 4 {a)) the balance of solute in a small section Ax of the 
column, which corresponds to a “ theoretical plate.” Ax may be assumed to 
be identical with the grain diameter d. The content of the section changes 
from 

Ax fic) to Ax (^f(c) + . 

Total balance of mass requires that 

dw A;ir -f — C(,_ A*)) = o. . . . (14) 

By means of a Taylor expansion we can write 

C { x - Ax ) = C* - J (Ax)» -2 (15) 


which leads to 


\ 4- ( ^ \ \ 

\ lx~^\^Xlv 2 XhX^jv 


I 


Ax 


lib) 


From this is obtained, for the final state of a self-sharpening boundary, the 
concentration gradient in the effluent as given by eqn. (3), {3a). 


Case (ii) (Diffusion) 

We consider the balance of solute in a small section of the column where the 
content of the section changes from 

Ax. f(c) to Ax . dy) . 

The balance from solvent and difiusion movements plus change of content of 
section (see Fig. 4 {b)) equals zero ; thus : 

dv. dx — DiU dz- dt • ^ a -f- . dv dx ^ o, . (17) 

bx ^ bv 

We replace 

d/ by dvlF, 
dz by dx I A , 

□ by ^ . a/ V2, 


(the \/2 should account for the increased length of the diffusion path between 
the grains) and obtain 



Di(xA^ (7>H\ __ 
F ‘ ['bx^jv ” 


o . 


(18) 


For the final state of a self-sharpening boundary this leads to eqn. (3), (36). 


Case (hi) (Non-equilibrium due to Grain Diffusion) 

Mass conservation requires that 

(>).+r'i 

This is eqn. (17) without the diffusion term, with the equilibrium term replaced 
by q* OLC. The change of absorbate at a given point can be represented 
with good approximation by 


bq* ^ 
dl ad'^ 


{f*{o) -- q*), 


(20) 


which means that the rate of diffusion into the grains is essentially proportional 
to the amount still required to produce equilibrium. Replacing t by v/F, 


bq* 

bv 


A 

ad^F 


(/•W - q*) , 


( 21 ) 
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and differentiating by 7 >v 

Dg * ~~ Tiv iv ‘ 

Elimination of in eqn. (19) then results in 


2 >c , 7 )/(c) ad‘F 

ix + lbv - =°- 

■ (22) 

Differentiation of (19) by gives 


\ dv / \^xj ' 

• (23) 

so that {22) can be written : 


('df(c)\ . nc\ , ad^F 

\ jx x^AT/t, Dg * 

• (24) 


For a front boundary which moves without change of form, 



As = o for c = o, we obtain 



This permits the integration of eqn. (24) leading to eqn. (3), (3c). 


(25) 


Case (iv) (Non-equilibrium due to Diffusion Through a Thin Liquid 
Film Surrounding the Grain) 

The balance of solute mass again leads to eqn. (19). The change of q* by 
diffusion through a layer of thickness S cm. during the time d/ = dif/F for i g. 
sorbent, the surface O of which is 


— ^ 
~ il 67 rd\s ~~ ds 


is approximately given by 

An* — AO(g - f') ■ d/ _ (>Di(c - C,)dt 
^9 - - 8 - . • 


(26) 

(27) 


where c, is the concentration on the sorbent side of the liquid film, in equilibrium 
with q^*. 

Thus c, = (p(q*). 

The change of concentration at the point x is therefore given by 


■ ■ ■ <“‘’1 

As in the final state of the self -sharpening boundary q* can be replaced by 
^6 • /(^^) (see eqn. (25)) ; this leads to eqn. (4), (4a). 


The experiments with lithium isotopes were carried out for the Department 
of Atomic Energy, M.O.S., at the University Science Laboratories at Durham 
(E. G.). The method for isotopic analysis of the lithium was developed 
and the measurements done in the laboratory of Dr. B. Rotblat, Physics 
Department, Liverpool University (K. H. B.). The work with neon isotopes 
was done at the Atomic Energy Research Establishment, Harwell (E. G. 
and G. P. K.). Our thanks are due to the Director, A.E.R.E., for permission 
to publish this paper, to the Durham Colleges and Prof. F. A. Paneth for 
laboratory facilities and to Dr. B. Rotblat (University of Liverpool), Dr. 
H. London (A.E.R.E.) and Dr. B. Davison (A.E.R.E.) for valuable 
discussions. 
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LARGE-SCALE SEPARATION OF RARE-EARTH SALTS AND 
THE PREPARATION OF THE PURE METALS 

By Frank H. Spedding 
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For many years one of the most difficult processes in the field of chemistry has been 
the separation of the rare earths from each other into their pure states. Their chemical 
and physical properties are so similar that in general a single operation leads only to a 
partial separation or enrichment. 

Ever since the beginning of the Manhattan Project there has been a constant demand 
for samples of rare earths of exceptional purity in gram amounts or greater. This 
demand arose for numerous reasons, but mainly because some of the rare earths are 
formed as fission fragments during fission of the heavy elements. It was highly desirable,, 
therefore, to have a means of preparing pure rare earths so that their nuclear properties 
could be studied and also to allow a more thorough consideration of their chemical 
behaviour. 

In general, the best means of separating these elements has been the well-known, 
but laborious, method of fractional crystallization, etc., as used by James, Hopkins 
and others. Cerium with its quadrivalent state and samarium, europium and ytterbium 
with their divalent states which do permit a means of separation from the normal 
tri valent rare earth ions are exceptions. 

Starting in 1945, the Ames Laboratory of the United States Atomic Energy Com- 
mission developed a scries of ion-exchange processes for separating adjacent rare earths 
on the macro scale. These all involved the adsorption of the mixed rare-earth ions on the 
top of resinous ion-exchange columns such as Amberlite IR-ioo and the later elution 
of these rare earths down the columns by means of citrate solutions of various concen- 
trations and pH values. The conditions for the good separation of the mixed rare- 
earth into pure rare-earth components are discussed in detail in the paper. 

The Ames Laboratory has also developed processes for producing pure rare-earth 
metals. Lanthanum, cerium, praseodymium, neodymium and yttrium have been 
prepared as massive metal to date. 


The group of elements known as the rare earths and the similar elements 
scandium, yttrium and lanthanum usually associated with them have 
fascinated me ever .since my graduate school-days. I believe that a study 
of these elements offers one of the best keys to a better understanding of the 
relationships between atomic structure and the various physical and chemical 
properties which metals and compounds possess. The rare earths are a 
group of some 14 elements which start with atomic number 58 and extend 
through atomic number 71. They have almost identical physical and 
chemical properties. These properties are so similar to those of lanthanum, 
element 57, that in the condensed periodic table these elements are always 
grouped together in the square with lanthanum. Almost all the physical 
and chemical properties of a substance are primarily determined by the 
outermost electrons of the atoms of the substance since it is these outermost 
electrons which are involved in chemical bonds and which are shifted about 
when chemical processes take place. In this group of elements there are 
three electrons which principally determine their chemical behaviour so that 
they all have a valency of 3 and, therefore, form very similar compounds 
which arc extremely difficult to separate from one another. The electronic 
structures of the elements as they exist in solid salts are shown in Table I. 
Starting with cerium, an incomplete inner shell, the 4/ begins to take up 
electrons and since this inner sub-shell is protected by the completed 
sub-shells which project farther out from the centre of the atom, these inner 
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electrons are very little affected by the bonding with the neighbouring 
atoms. These inner electrons are, therefore, frequently unpaired electrons 
and give rise to the paramagnetic properties of the rare-earth salts. Even 
in the solid state, these inner electrons are so well protected from external 
bonding and coupling by the completed sub-shells outside them that, as a 
first crude approximation, the energy states arising from them can be treated 
theoretically^ in the same manner as if the rare-earth atoms were in a 
gaseous form. In a more precise calculation, however, we have to take 
into consideration the fact that these states are affected by the surrounding 
atoms in the solid since these atoms subject the rare-earth atom to strong 
electric fields. It has been found that if the solid salts are cooled to low 
temperatures, the transitions between energy states arising from the inner 
electrons give rise to extremely sharp absorption spectra and that the 
fine structure of these absorption spectra varies from compound to compound. 


TABLE I 

Electronic Arrangements of the Rare-earth Elements in their Salts 



At. No. 

ii 

2i 

22 

I 

32 

33 

1 

i 

42 

43 

44 

5 i 

52 

53 

54 

5s 

61 

Sc 

21 

2 

2 

6 

1 

6 

I 

1 . 




i 






Y 

39 

2 

2 

6 

! 2 

6 

10 

1 2 

6 

I 

0 

2 






Ba 

5^ 

2 

2 

6 

1 

6 

10 

I 2 

6 

10 

0 

2 

6 

0 

0 

0 

(^) 

La 

57 

2 

2 

6 

2 

6 

10 

1 2 

6 

10 

0 

2 

6 

(0 

0 

0 

( 2 ) 

Ce 

58 

2 

2 

0 

1 2 

6 

10 

1 2 

6 

10 

1 

2 

6 

(ri 

0 

0 

( 2 ) 

Pr 

59 

2 

2 

6 

1 2 

6 

10 

1 2 

6 

10 

> 

2 

6 

(0 

0 

0 

( 2 ) 

Ncl 

60 

2 

2 

6 

2 

6 

10 

i 2 

6 

10 

3 

2 

6 

(0 

0 

0 

(2) 

61 

61 

2 

2 

6 

2 

6 

10 

1 2 

6 

10 

4 

2 

6 

(1) 

0 

0 

(2) 

Sm 

62 

2 

2 

6 


6 

10 

! 2 

() 

10 

5 1 

2 

6 

(0 

0 


(2) 

Eu 

^3 

2 

2 

(i 

2 

6 

10 

' 2 

6 

10 

6 

2 

6 

(•) 

0 

0 

(2) 

Gd 

04 

2 

2 

6 

2 

6 

10 

i 2 

6 

10 

7 

2 

6 

0) 

0 

0 

(2> 

Tb 

O 5 

2 

2 

6 ! 

2 

6 

10 

i 2 

6 

10 

8 

2 

6 

(1) 

0 

0 

(2) 

Dy 

66 

2 

2 

6 

2 

6 

10 

1 2 

6 

10 

0 

2 

(> 

( 1 ) 

0 

0 

(2) 

Ho 

67 

2 

2 

6 1 

2 

6 

10 

I 2 

6 

10 

10 

2 

6 

(I) 

0 

0 

(2) 

Er 

68 

2 

2 

i 

i 2 

6 

10 

! 2 

6 

10 

II 

2 

6 

(J) 

0 

0 

(2) 

Tm 

69 

2 

2 

() j 

1 

6 

TO 

i , 

1 

6 

10 

12 

2 

6 

(1) 

0 

0 

{2) 

Yb 

70 

2 

2 

6 ! 

2 

6 

10 

; 2 

6 

10 

13 

2 

6 

(I) 

0 

0 

(2) 

Lu 

71 

2 

2 

6 

2 

6 

10 

I ^ 

6 

TO 

I \ 

2 

6 

(I) 

0 

0 

(2) 

Hf 

72 

2 

2 

6 

2 

6 

10 

! 2 

_j_ 

6 

10 

14 

2 

6 

( 2 ) 

0 

0 

(2) 


( ) Involved in valency bonds. 


Using quantum mechiuiics it is possible to calculate theoretically where 
these sharp lines should apj^ear in the spectra and how the groupings of the 
fine structure should vary as the symmetry and strength of the fields vary 
flue to the surrounding atoms. We have, therefore, within this group of 
elements, a chance to study directly the short-range forces which surround 
an atom in a solid and to correlate the many physical and chemical pro- 
perties of the solid with the absorption spectra. This then enables us to 
correlate the properties of the solid directly with such fundamental data 
as the charge on the electron, the energy states of the atoms and the distances 
and positions of the surrounding atoms in the solid. Further, since the 
chemical and physical properties are primarily determined by the three 
outermost electrons these elements form a series of very similar compounds 
having the same valency forces and, therefore, similar crystal structures. 
However, since the charge on the nucleus increases as the atomic number 

^ Hund, Linienspektren und periodisches System der Elemente (J. Springer, Berlin, 

1927)- 
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increases, the inner shells are puUed in closer so that the lattice parameters 
change in a predictable way. Occasionally in these series, when this shrink- 
ing has reached the point where the atoms can no longer be grouped together 
without strain due to their atomic radii, there will result a change in the 
crystal structure which should also be predictable. Since thevSe factors can 
be taken into account in almost any theory put forward concerning the 
structure of solids or metals, or the solubility of salts, etc., the compounds of 
these elements, their alloys or even the pure met^s themselves, offer the 
ideal group for checking the present theories concerning the solid or liquid 
state and the various theories of solution. It should be pointed out that 
most of these theories contain a number of arbitrary constants. If an 
attempt is made to check these theories using other elements in the periodic 
table, so many factors vary from element to element that it is almost always 
possible to find arbitrary constants which will fit. However, in the rare- 
earth group it is possible to hold many of these variables constant, and the 
variables that do change should do so in a predictable manner. Accordingly, 
in any theory where the constants are made to fit one member of the rare- 
earth senes, they should, after suitable corrections have been made, fit all 
of the members. If they do not, something must be wrong with the theory. 
Once the theories have been made to fit the entire rare-earth group, then it 
should be possible to deal separately with the changes which will take place 
when the valencies and crystal structures change in going from one element 
to another in various pqrts of the periodic table. 

It should be pointed out that when a sub-group is completed or half- 
completed a very stable configuration is formed. In these cases the energy 
required to remove an electron from the 4/ shell or from one of the outer 
valency shells should not differ greatly. This accounts for the fact that 
certain of the rare-earth elements can exist in other valency states than the 
trivalent state. For example, in cerium the single 4/ electron can go to the 
outside and give rise to a 4-valent cerium. There is a slight tendency for 
the same thing to happen with terbium where the half-completed shell of 
7 tends to permit the 8th electron to go to the outside. Terbium in its oxide 
form is known to possess a higher v^ency state, but in solution no higher 
valency state has been reported. It appears that the stabilizing action of 
the half-shell is not sufficient to make the higher state stable in the presence 
of water. On the other hand, when one more electron is needed to complete 
or half-complete the shell, an outer electron can go to the inside, thus giving 
rise to the divalent state, as it does in europium and ytterbium and to some 
extent in samarium. In general, these anomalous valency states are less 
stable than the trivalent state, but in separating these particular rare earths 
from the others advantage can be taken of the fact that such valencies 
do exist. Considerable success has been obtained, in this regard, by workers 
such as Marsh,2 Hopkins,® Yntema,^ McCoy,® etc. 

For many years one of the most difficult processes in the field of chemistry 
has been the separation of rare-earth mixtures into their pure salts. The 
chemical and physical properties, aside from the exceptions mentioned 

* Marsh, /. Chem. Soc., 1937, I 19-42, 398 ; 19^2, 523 ; 1943, ^ I I943» 53^- 
Andrieth, Jukkola, Meints and Hopkins, /, Amer, Chem. Soc., 1931, 53 , 1805. 

Meints, Hopkins and Andrieth, Z. anorg. Chem., 1933, 211 , 237. Jukkola, 
Andrieth and Hopkins, J . Amer. Chem. Soc., 1934, 56 , 303. West and Hopkins, 
/. Amer. Chem. Soc., 1935, 57 , 2185. Pearce, Naeser and Hopkins, Trans, 
hlectrochem. Soc., 1936, 69 , 8. 

* Yntema, J. Amer. Chem. Soc., 1930, 52 , 2782. Yntema and Ball, J. Amer. Chem. 

Soc., 1930, 5a, 426.4. 

® McCoy, J. Amer. Chem. Soc., 1935, 57 , 1756; 1936, 58 , 1577; 193^. 5 ®* 2279; 
^937. 59 * 1131 ; 1941. 1622 ; 1941, 63 , 3432. McCoy and Hammond, 

J . Amer. Chem. Soc., 1942, 64 , 1009. 
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above, are so similar that usually a single operation leads only to a partial 
separation or enrichment. In the past, the best means of separating these 
elements have been the well-known but laborious methods of fractional 
crystallization, fractional decomposition, etc., as developed by workers such 
as Hopkins,® James,’ Urbain ® and many others. These processes were 
tedious and required a great deal of drive, patience and determination on the 
part of the research workers in order to obtain small amounts of the pure 
rare earths. The same operations had to be repeated many times and in 
some of the rarer and more difficult to separate rare earths it has required 
up to 20,000 operations to accomplish purification. Therefore, except to 
the few stout souls who were willing to devote a lifetime to this sort of study, 
the rare earths were not generally available. While these pioneers were 
very generous in lending samples to other workers, the quantities they 
had were strictly limited. Also, it is understandable that when these 
scientists had devoted many years to obtaining a few grams of the rare 
earths they themselves wanted to study the properties of the salts. For 
these reasons the rare earths have not been nearly as extensively studied 
as the other elements of the periodic table and many of their properties, 
particularly the properties of the metals and their alloys, are almost unknown 
even to the present day. 

Ever since the beginning of the Manhattan Project there has been a 
constant demand for samples of rare earths of exceptional purity in gram 
amounts or greater. This demand arose for numerous reasons, but mainly 
because some of the rare earths are formed as fission fragments during the 
fission of the heavy elements. In other words, they are among the ashes of 
the atomic reaction. It was highly desirable, therefore, to have a more 
satisfactory means of preparing pure rare earths so that their nuclear pro- 
perties could be studied, and also to allow a more thorough determination 
of their chemical behaviour. 

A number of workers have reported, in the literature, studies on the 
application of chromatographic and ion-exchange methods to the separation 
of rare earths. While they obtained some enrichment, their results were 
not sufficiently promising to lead to further intensive investigations or to the 
production of pure rare earths in quantity. Shortly after the Plutonium 
Project was organized at Chicago, Dr. George Boyd ® introduced the use of 
Amberlite as a research tool in studying the complicated mixtures which 
occur when uranium fissions. Dr. Tompkins, Dr. Khym and Dr. Cohn 
used Amberlite rather extensively in their studies of fission products. At 
that time all sections of the Manhattan Project worked closely together 
and at a meeting of section chiefs in December, 1944, Dr. Cohn stated that 
they had succeeded fairly well in separating the cerium fission fragments 
from the yttrium fission fragments. They accomplished this by using citric 
acid solutions of controlled pH for eluting the various ions from Amberlite 
columns upon which the fission fragment ions had been adsorbed. He also 
mentioned that in the eluant between the rich yttrium fraction and the 
cerium fraction there was a concentration of the other rare earths. It 


® Hopkins, numerous publications in the literature. 

’ James, numerous publications in the literature. 

” Urbain, numerous publications in the literature. 

® Boyd, Schubert and Adamson, ]. Amer. Chem. Soc., 1947, 2818. Boyd, 

Adamson and Myers, J. Amer. ' Chem. Soc., 1947, % Boyd, Myers and 

Adamson, J. Amer. Chem. Soc., 19.17, -^ 49 - Ketelle and Boyd, J. Amer. 

Chem. Soc., 1947, -2800. 

Tompkins, Khym and Cohn, J. Amer. Chem. Soc., 1947, ® 9 . Harris and 

Tompkins, J. Amer. Chem. Soc., 1947, ® 9 » 2792. Tompkins and Mayer, J. Amer. 
Chem. Soc., 1947, ^ 9 » 2859. 
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occurred to the author that this offered a possibility of actually separating 
adjacent rare earths in macro quantities if the right conditions could be 
found. The Ames Laboratory set to work and during the next few months 
succeeded in separating gram quantities of praseodymium from neod5nnium. 
When this work was reported before the section chiefs’ council in April, 
Dr. Hume reported that the men at Oak Ridge had also succeeded in 
separating the rare earths on the micro and tracer scale. The history 
of how this development took place has been described in some detail in 
a paper by Johnson, Quill and Daniels, so I shall not go into it further here, 
but shall confine the rest of my paper to the work at Ames where we con- 
tinued to develop the macro separation of non-radioactive rare-earth atoms. 

Macro Separation of Non-radioactive Rare-earth Atoms 

Since, at best, any single chemical operation gives only a slight enrichment 
of one adjacent rare earth over another, it is obvious that to separate successfully 
the rare earths into their pure fractions it will be necessary to have a process which 
automatically repeats the same operation many times. These conditions can 

be fulfilled in an ion-exchange column. In the 
work which we carried out at Ames we took 
advantage of the ion-exchange type column, using 
a synthetic resin either Amberlite IR~i or -loo 
or the high-capacity resins such as the Dow 
Chemical Company and others put out. Most of 
our work was done with the Amberlite IR-ioo 
which is a synthetic resin built up from a con- 
densation of phenol, formaldehyde and sulphuric 
acid. The apparatus consisted essentially of a long 
tube into which the resin had been packed ; the 
resin was supported at the bottom by a metal 
screen or a sintered glass plate and a suitable 
pinch clamp was located at the bottom so that the 
flow rate through the column could be controlled 
(Fig. i). As will be shown later, the particle 
size can be very important in the separation, so 
generally the resin was classified either by sieving, 
or in the earUer stage by back-washing, so that the 
fine material was washed out the top and the coarser 
particles were segregated according to size down 
the column. The size of the column is immaterial 
since a column of any size will work providing 
certain conditions are fulfilled. The columns can 
vary all the way from capillary tubes a few centi- 
metres in length, which might be used when tracer 
activities are separated from each other, up to columns several feet in 
length and many inches in diameter. In most of our work for experimental 
purposes we use column beds from 30 to 120 cm. length and about 22 mm. diain. 
Once the Amberlite had been packed and classified in the column, it was put in 
the acid cycle by pouring a 5 % hydrochloric acid solution through the resin, 
thus putting hydrogen ions on the active exchange points of the resin. Next, 
a slightly acid solution of the mixed rare-earth chlorides was poured in the top 
of the column and allowed to adsorb in a band in the upper section. Usually the 
width of the adsorbed band of rare earths in the column occupied from one- 
tenth to one-third of the column length. The column was then washed out with 
distilled water to remove the chloride ions. It was then in condition to start a 
rare-earth separation run. Previously a solution of citric acid of fixed con- 
centration had been prepared in a large reservoir and brought to the desired pH 
by adding ammonium hydroxide until a pH meter gave the selected reading. 

Swartout and Hume, Metallurgical Projects Report ^ CN-1839 (July 10, 1944 )* 
Johnson, Quill and Daniels, A.C.S. Chem. Eng, News, 1947, * 5 ^ 2494. 
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This solution was started flowing slowly through the column and samples were 
taken from the bottom periodically. 

While the rare-earth ions are tightly adsorbed on the Amberlite in the low 
pH range, at the pH where the citric acid solution is flowing through the column 
an equilibrium is set up between the Amberlite-rare-earth complex and the 
citrate complex. The equilibrium constants differ slightly for the different rare 
eartlis and this causes the heavier rare earths to move down the column more 
rapidly than the lighter rare earths. Since the shifting back and forth between 
the resin and the complex ion must occur thousands of times as the rare earths 
move down the column, this ultimately results in the separation of the rare 
earths which come out at the bottom. The exact mechanism by which this 
occurs is very complex, so until we have more data we do not intend to say very 
much about the nature of the mechanism involved. Each time we complete a 
set of experiments, we believe we understand the mechanism and then invariably 
And that with further data this mechanism has to be modified in the light of the 
additional results. I think we can say, however, that there is no doubt that 
there is an equilibrium competition set up between the various ions and that in 
the pH range which we have so far investigated there are at least several rare- 
earth citrate complexes which are involved. We have spectrophotometric 
evidence from studying the adsorption lines of the neodymium ion and the 
neodymium complexes in solution that there are at least four citrate complexes 
involved in the equilibrium in the pH range studied. In addition, there is the 
possibility that the solubility of the hydrated salts, the formation of Weriier- 
t>T^ complexes, etc., may be involved in a complete explanation of all the 
phenomena encountered. Further, in some ranges the rate of establishing the 
complex equilibrium is the rate-determining steps but in others the diffusion 
rate in the li([uid or the diffusion rate in the Amberlite may be the predominating 
rate-controlling step ; we are c onvinced that the best way to attack this problem 
is to obtain adequate data and to leav^e the theoretical explanation until we 
know the facts. Also, we have been seriously handicapped in our work in that 
we have not had available a number of the rarer rare earths in pure form so that 
we could investigate their physical constants and the analytical prcxredurcs for 
determining them quantitatively. Wc have had to prepare these rare-earth 
salts the best we could by taking the richest fraction from the various runs, 
then used these salts to determine the constants and prcxedurcs for subsecjuent 
runs. In determining such constants as extinction coefficients, and such 
optimum conditions as the best pH range, etc., we have had to, in a manner ol 
speaking, lift ourselves by our boot straps. It is only recently that we have 
obtained some of the rarer rare earths in high concentrations in reasonable 
amounts. It should also be pointed out that the analytical methods for cletermin- 
ing the impurities of the rare earths in each other are not at all satisfactory. 
The spectrophotometric methods are good for only the paramagnetic salts and at 
best can determine the concentrations to only i %-~2 %. The emission spectra, of 
the rare earths are so rich in lines that even in the second-order of a 21-ft. grating 
(Fig. 2) the lines are frequently broader than the distances between the lines. 
It is, therefore, difficult to obtain the purities spec trographic ally although it 
can be done and is being done in our laboratory. However, this method of 
analysis requires that calibration curves be run on the pure rare earths for the 
impurities of the other rare earths and if you do not have supplies of all the pure 
rare earths in sufficient quantity to set up these standards, the analyses may 
subsequently prove to be in error as purer sources of the major rare-earth 
constituents become available. I might say in passing that the so-called spectro- 
graphically pure rare earths obtained from commercial companies in four out 
of five cases turn out to be nowhere near as spectrographically pure as claimed. 
In one case w^e determined the extinction coefficient of an adsorption band from 
a so-called spectrographically pure standard. Later we found in using this 
value that our salt was analyzing 120 % purity. The atomic -weight method 
of determining purities is not very sensitive since the atomic weights of all the 

13 Werner, New Ideas on Inorganic Chemistry, Tran, by Ilcdley (Longmans, Green (S: 

Co., London, 1911 ). 
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rare earths are so close together. Perhaps the most sensitive method of determin- 
ing purity is to send a sample to one of the atomic reactors and have it bombarded 
with neutrons ; the impurities will then give activities which can be followed 
by counters and some idea of the absolute purity can be determined. However^ 
it is not usually convenient to send a sample to Oak Ridge for analysis and in. 
most cases the spectrographic methods are sufficiently accurate to detect 
impurities which occur in significant amounts. 

Fig. 3 shows the separations which can be obtained between neodymium and 
praseodymium using a 5 %-citric acid solution at a pH of about 2*55. This 
represents the separation of a mixture of about equal amounts of praseodymium 
and neodymium on a 70-in. column operating at near optimum conditions. 
It will be noticed that about 30 % of the neodymium comes out spectrographically 
pure and that about 85 % or 90 % of it comes out better than 95 % pure. How- 
ever, with such high concentrations of citric acid, the cost of this acid became 
very great when scaled up to large operations. It was very desirable to see whether 
a more dilute solution of citric acid could be used. 



Fig. 3. — The elution of a sample, 0*25 g./sq. cm., analyzing 51*7 % PrgO,, and ^8*3 % 
NdjjOg, from a bed of Ambcrlite IR-i resin, 6*4 x 175 cm., using 5-0 % citrate 
solution at a pH value of 2*55 and a flow-rate of 1*5 cm. /min. 


Fig. 4 shows one of our pilot plants for separating rare earths. Here we are 
using 8-ft. columns of 4 in. diam. and are adsorbing on top of each column from 
50 to 100 g. mixed rare-earth oxides after they have been converted to the 
chlorides. The samples are collected in 45-I. bottles and these are changed every 
12 hr. The citric acid elution solution is mixed in the large tank shown in the 
background. In our more recent work we are using the same columns with 4-ft. 
beds. At this point it should be emphasized that in obtaining rare earths on the 
macro scale the important thing is not how much rare earth a given adsorbent 
will hold or how pure an infinitesimal fraction can be obtained from the bottom 
of the columns, but rather how many grams of a rare-earth salt of a given purity 
can be obtained per man-month of labour involved. Therefore, since it takes 
very little more energy to watch 20 columns than it does to watch one, it pays 
to make the set-up on a multiple scale. When operating on such a large scale 
as this the cost of chemicals has to be seriously considered and if a more dilute 
solution can be made to work, it may be desirable to use the more dilute solution 
even though the separations are slightly inferior. 

Table II shows the composition of the crude didymium which w^e adsorbed 
on the columns in our early production runs where we were separating praseo- 
dymium, neodymium and samarium. This material can be obtained from the 
Lindsay Light and Chemical Company and is the residue from the monazite 





Fig. 4. — Pilot plant for the separation of ran* earths ioii-excl\ange columns, 


[To face page 21iU 
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TABLE II 

Typical Analysis of Lindsay ** Neo- 
dymium Carbonate ” Individual Rare 
Earths Calculated on Basis of Total 
R2O3 Content of 73*5 % 


sand after they have removed the thorium, cerium and lanthanum for which 
tliey have commercial markets. 

Fig. 5 shows how well this mixture is separated by one pass through the 
column. The upper row of vials shows an early separation where 0*5 % citric 
acid at a pH of 3-9 was used. The lower row of vials represents a run using 
% citric acid at a pH of 6*0. Each of the bottles which were taken off at 
i2-hr. intervals had its rare-earth frac- 
tion precipitated by adding oxalic acid. 

The insoluble oxalate was filtered out 
and a prorated fraction of the precipi- 
tate was collected in each of the little 
vials. Therefore, each vial can be con- 
sidered a i2-hr. period. Of course, there 
was a considerable time element before 
any rare earth broke through the bot- 
tom of the column. The gadolinium 
and terbium fractions came off first, 
then the samarium fraction. The 6i 
fraction would have come off next if any 
appreciable amount had been present. 

Next came the neodymium fraction and 
finally the praseodymium fraction. 

Fig. 6 shows the results of near optimum conditions for the separation of 
Lindsay’s " neodymium carbonate ” and is a graphical representation of Fig. 5 (a). 
It will be noticed that the quantities of pure salts which can be obtained using 
a pH of 3*9 and a citric acid concentration of one-tenth of 5 % are considerably 
better than those obtained when using a 5 %-citrate solution at a pH of 2*55. 


Constituf 3 nt 

Percentage 

NJ.O, 

8o*i 

SlTljOj 

lOM 


8.4 

GUjO,, 

1*0 

! 



Eig. 6. — Large scale separation of a crude rare-earth mixture by ion exchange ; typical 
elution curve obtained at a pH of 3-9 with 0*5 % citrate solution : •, total R^jOa ; □, 
SmaOg ; O, NdgOg ; A, PraOn ; difference between total RgC^^ ami curves 

is due to GdaOg, EugOg, etc., which do not separate cleanly from SmgOg under these 
conditions. 

Fig. 7 shows the effect of pH on the shape of the elution curves using 0*5 % 
citric acid and the degree of separation which can be obtained at various pH’s. 
It will be noticed that at a pH of 4-2, while the separation is not as good as at a 
lower pH, it takes only a total of about 17 1 . to remove the rare earths completely 
from the column while at a pH of 3*8 it takes as many as 47 1 . It is obvious from 
this and other data that different complexes are involved in elution at the pH 
of 3*8 as against a pH of 4*2. It should also be pointed out that in general 
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an intermediate pH range between these two extremes may be more desirable 
than either of them. While the degree of separation may not be so great, the 
man-hours involved in making a run are much less, and the grams of pure rare 
earth obtained per man-month may be greater. All factors have to be considered 
and it may be possible to make two passes through the column at a higher pH 
value in the same time it takes to run one pass at the lower pH. While the 
separation is not as good for a single pass, at the higher pH the double pass 
will give better over-all separation. 



Fig. 7. — The effect of pH on the elution of i*7i3-g. samples of equimolar Sm^Oj-NdjO, 
mixtures from 2*2 x 120 cm. beds of — 30 4- 40 mesh size Amberlitc IR-ioo 
using 0*5 % citrate solutions at a linear flow-rate of 0*5 cm. /min. : O, Sm^O;, ; 3, 
mixea fractions ; •, NdgOg. 


Fig. 8 shows similar data for the praseodymium-neodymium bands under the 
same conditions and indicates similar conclusions. 

Fig. 9 shows the effect of particle size and flow-rate on the shape of the elution 
curves. In general the breakthrough and the maximum of the peak occur at 
lower volumes of eluant with finer resins and for slower flow -rates. This is about 
what might be expected, since at the slower flow -rates more complete equilibrium 
can be obtained within the column and the diffusion rate in the solid which tends 
to blur the separation will be less important for finer resins. 

Fig. 10 shows the effect of temperature on the shape of the elution curves. 
In general the breakthrough and the peak are shifted to greater volumes of 
eluant with increasing temperature in much the same way that a decrease in pH 
would shift the peaks, and part of this shift is undoubtedly due to the shifts in the 
equilibrium constants which occur as the temperatures change. This figure 
also substantiates the conclusions regarding the effect of flow-rate on the elution 
curves and separation factors as pointed out in Fig. 9. 

Fig. II shows the effect of pH on the shape of the elution curves when the 
strength of the citric acid is dropped to o-i % or in other words to i g. citric 
acid monohydrate per litre of distilled water. It will be noticed that in this case 
sharp breakthroughs and sharp cut-offs are obtained and that there is very little 
trailing of the leading rare-earth elution band over the succeeding band. Also, 
the bands are flat-topped as might be predicted from certain types of chromato- 
graphic adsorption theory. In general, the degree of separation is better tlie 
lower tlie pH. On the other hand, it takes so many litres of eluant to elute the 
rare earths that the factors of time and cost become important. While a pH 
of 5-0 would probably give a better separation, we use a pH of 6-o in most of our 
runs as the man-hours of labour to obtain a gram of pure rare earth are much 
less where a pH of 6 0 is used. 
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Fig. 12 shows the effect of length of column on the shape of the elution curve 
and Sie degree of separation obtained. It will be noticed that the 30-cm. column 
has been overloaded because we get the typical humping-up of the elution 
curve which is characteristic of an overloaded column. The widths of the 
elution bands are the same for the 60, 90 and 120 cm. columns although the 
amount of the eluant for the breakthrough increases with the length of the 
column. Therefore in this pH range there is no advantage in longer columns 
once the bands have attained equilibrium on the column. It also appears in this 



Fig. 8. — ^The effect of pH on the elution of i*695-g. samples of a mixture containing 
equal amounts of NdgOg and PreOn by weight from 2*2 y 1 20 cm. beds of — 30 l 
mesh size Amberlite IK-ioo resin, using 0-5 % citrate solutions at a linear flow-rate 
of 0*5 cm. /min : O, NdjOj ; 3, mixed fractions ; •, Pr^O^i. 


pH range that one rare earth replaces the other on the column and pushes it 
along. In other words, the bands do not travel independently of each other. 
These conclusions are not borne out at lower pH's and higher citrate concentra- 
tions. On the right-hand side of the graphs, we have plotted the pH values of 
the solutions coming off and it will be noticed that there is a break in the pH 
at the point where the rare-earth bands change from one species to another. 
We hope ulthnately to take advantage of this pH break in setting up automatic 
controls on the columns. 
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Fig. 9. — The effect of particle size of resin on the elution of i*683-g. samples of pure 
NdjO, from 2*2 x 120 cm. beds of Amberlite IR ioo resin, using 0*5 % citrate 
solution at a pH of 3*80 and linear flow-rates of 0 5 cm. /min. and 2 0 cm. /min. : 
O, 0*5 cm.'Tnin, ; •, 2*0 cm. /min. 



Fig. 10. — The effect of temperature on the elution of i*7i4-g. samples of pure SmjOa 
from 2*2 X 120 cm. beds of — 30 -f 40 mesh size Amberlite IR-ioo resin, using 
0*5 % citrate solution at a pH value of 3*80 (measured at room temperature) and 
linear flow-rates of 0*5 cm./min. and 2*0 cm./min. : O, 0*5 cm. /min. ; #, 2*0 cm. /min. 


Fig. 13 shows the separation of a mixture of three rare earths and indicates 
that an appreciable fraction of each of the rare earths can be obtained in a pure 
state with one pass through the column. 

Fig. 14 shows the effect of increasing the load on the column at the same time 
the column is increased proportionately in length. It will be noticed that the 
overlap range remains about constant in all three cases. It would appear that 
the more heavily the columns are loaded, when the lengths of the columns are 
made proportionately longer, the higher the percentage of the spec trographic ally 
pure rare earths which could be obtained from a single pass through the column. 
Unfortunately this process cannot go on indefinitely because there seems to be an 
upper limit to the amount of salt which can be loaded upon a given size column. 
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This appears to be determined by the time it takes the bands to progress down 
the column. If the columns are overloaded, after a given time interval a 
precipitate will appear which invalidates the separation. We believe this 
precipitate is a citrate complex containing water of hydration which has a very 
slow rate of crystallization, and at the present time it is giving us considerable 
trouble in our separations. We have not yet tied down aU the variables which 
determine the nature and appearance of this precipitate. However, if the 
loads are not too heavy it can be avoided. In our early production runs we were 
not much troubled with it, but after our resins became older and perhaps became 
seeded on the inside with this precipitate, it made its appearance more and more 
frequently and we are at present trying to find the cause of this precipitate and 
the methods by which its formation can be prevented. 

At one time our columns became ineffective and we spent several non- 
productive months trying to find the cause. At that time we traced the difficulty 
to the growth of a mould in the column which prevented the separation occurring 
either by blocking the exchange points or by poisoning the cyclic processes due 
to the formation of oxalic acid or other by-products of the mould growth. * This 



Fig. II.— The elution of 1-713 g. equimolar mixtures of Sm^O, and Nd.O, from 
2*2 X 120 cm. beds of — 3® "f" 4 ® mesh size Amberlite IR-ioo resin iisini/ o*i 
dtrate solutions at pH values of 5*0, 5*5 and 6*o at a linear flow-rate of 0*5 cm./min. : 
O, total RgOa * O, Sm.^03 ; ©, NdgOg ; broken vertical lines indicate amount of 
overlap between Sm and Nd bands. 


diftculty was overcome by adding o-x % phenol to our citiic acid solution. 
This prevented the mould from being troublesome for about two years. The 
moulds are again giving us trouble, however, for during this time we seem to 
have developed a strain of mould which can grow in a o-i % phenol solution. 
We are now faced either with the proposition of increasing the phenol con- 
centration or of sterilizing our columns and replacing the Amberlite with fresh 
material. 

Fig. 15 shows the effect of particle size on the separation of the rare earths 
at a 0-1 % citrate concentration and at appropriate pH ranges. In general 
the smaller the particle size the better the separation and this might be expected 
because the rare earths exchanging near the surface of the particles would move 
down the column faster than the rare earths which exchange in the centre of the 
particles where the liquid has to diffuse into the centre and then out again before 
It can proceed down the column. Another factor which determines to a marked 
extent the degree of separation is how efiectively channelling can be preventeiJ 
m the columns. In other words, it is important that the diflusion front proceed 
down the column on a parallel face. If the liquid in one part of the column 
can flow more rapidly than in another part then this wUl tend to blur the separa- 
tions. One might ask why we do not use fine resins exclusively and the answer 

H 




226 


SEPARATION OF RARE-EARTH SALTS 


is that it is extremely difficult to get them. The resins do not grind up readily 
since they are semi-plastic and tend to smear into flat platelets rather than 
grind when put through a mill. 

The pure heavy rare earths have proved much more difficult to separate than 
the light rare earths by the column method, just as they were more difficult to 
separate by the old fractional crystallization methods. In general, the 
equilibrium constants are closer together for adjacent rare earths in this range 
than they are for the lighter rare earths. Further, yttrium which is always 



Fig. 12. — The elution of 1 * 7^3 g* equimolar SiUgOa-NdgOj mixtures from — 30 1 - -t<) 
mesh size Amberlitc IK-ioo resin beds, 2*2 cm. diam. and 30, Oo, 120 and 240 cm. 
jong, respectively, using o*i % citrate solution at a pH of and a linear flow rate 
of 0*5 cm. /min. : O, total RgOg ; C, SiUgOg ; Q, NdgO., ; broken vertical lines 
indicate amount of overlap between Sm and Nd bands ; solid line across figun s 
gives the pH of the eluate, reading on the right-hand .scale. 


prCvSent in large excess ha.s an equilibrium constant almost identical with dys- 
prosium. Another difficulty in this range is that the rare earths which can 
exist in the divalent state seem to have their equilibrium constants shifted in tJie 
direction of the next heavier rare earth. While praseodymium, neodymium and 
samarium separate very readily, it is extremely difficult to separate samarium 
from gadolinium. The same is true with regard to ytterbium and lutecium. 
Here, however, nature is kind to us in that it is possible to combine with the 
column technique the amalgam techniques developed by Marsh, McCoy and 
Yntema which take advantage of the divalent state so that separations can be 
obtained. Another difficulty in obtaining the heavier rare earths is that they 
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13. rtu' elution of mixtures ol Sm. Xd and l-’r from 3(j 40 mesli si^se Amberlite 

IR-100 beds, 2*2 cm. diam. ami 30, (x) and 120 cm. lon}>, witli om " , citrate solution 
at a pH of 3* ^o and a linear flow-rale of o-3 cm. /min. . O, total ; C), Sm./ ; 

O, Nd.jO., ; 3. Pr,.0,, ; broken vertical lim's indicate overlap between bands. 



Pig. 14. — The etiect of increasing column load and column length proportionately ; 
(a) 1*65 g. of equimolar Sm^Oa-NdjO^ mixture on a 2*2 x 30 cm. bed of Amberlite 
IR-ioo resin, (b) 3*30 g. on a 2*2 x bo cm. bed and (c) 4*95 g. on a 2*2 x 90 cm. 
l>ed : O, total R2O3 ; ®, Sm^O;, ; ONdgOj ; broken vertical lines indicate amount of 
overlap bctw'een bands. 
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Pjg. 15. — Xhe effect of particle size of the resin on the separation of equimolar mixtures 
of Nd and Pr using o*i % citrate at a pH of 5*50 and a linear flow-rate of 
0*5 cm. /min. : O, total RgOa ; NdgOg ; 3 , HreOu ; broken vertical lines indicate 
amount of overlap between the Nd and Pr bands. 



Fig. 16. — Elution of 100 g. rare-earth oxides obtained from gadolinite ore using o*i % 
citrate solution at a pH of 6*oo and a linear flow-rate of 0*5 cm./min. The column 
consisted of a — 30 40 mesh size Amberlite IR-ioo bed, 4 in. diam. and 4 ft. long. 
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exist in nature in much smaller quantities than the lighter rare earths and 
considerable amounts of ore or heavy rare-earth concentrates have to be worked 
over in order to get very small quantities of these rarer rare earths. Our sources 
for obtaining the heavy rare earths have been either the ores gadolinite, blom- 
strandine or the crude yttrium oxalate which Lindsay has on the market. 


Table III shows an approximate 
analysis of Lindsay’s concentrates and 
it will be noticed that after the yttrium, 
cerium, neodymium and samarium 
have been removed only a small 
fraction of the concentrate remains 
containing the heavy rare earths. 

Fig. 16 shows a typical production 
run on 100 g. concentrate from gadoli- 
nite ore. It will be noticed that the 
yttrium tends to split the rare earths 
roughly into two groups, the heavy 
and light fraction, and that the 
dysprosium drags across the entire 
yttrium band. It will also be noticed 
lhat there is a minimum in the elution 
( urve where the yttrium occurs. This 
might be expected since the ordinate 
is plotted in mg. /I. and an equal molar 
(Quantity of yttrium will contain far 


TABLE III 


Typical Analysis of the Lindsay 
“ Crude Yttrium Oxalate 


Constituent 

% by weight 

Loss on ignition 
(800° C) 

40 

CeOg 

10 

NdgOg 

7 

SmgOg 

5 

GdgOg 

6 

YgOg 

' 15 

HygOg 

i 3 

ErgOg 

j 0*2-0-5 

H02O3 

I 0‘2-0-5 

SiO^ 

10 


less grams than a similar mixture of the rare earths proper. 

Fig. 17 shows a subsequent pass of the column of the heavy rare-earth fraction 
from the previous run. It will be noticed that there is some separation of the 
bands but it is not as pronounced as with the light rare earths. It is, therefore, 
necessary to make from four to ten passes through the columns to obtain appreci- 
able fractions of some of these rare earths in greater than 99*5 % purity. Fewer 
passes would accomplish this if only two component .systems were involved, 



Volumt of E hate (htres). 

Pic.. Elution of 67 g. of rare-earth oxides originally obtained from gadolinite ore 

using o-i % citrate solution at pH 6-oo at a flow-rate of 0-5 cm. /min. : original 
composition was 20 % Yb203, 13 % TnigOg, 60 % ErgOg, 5 % HogOg and 2 % 
DygOg. 
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but where mixtures of 8 or 10 rare earths are to be separated more passes are 
necessary to separate them into their pure components. 

Fig. 18 shows the positions of the elution bands for the various components 
when the concentrates from Lindsay’s yttrium fraction were used. Fig. 19 
shows the separation of holmium, dysprosium, yttrium and gadolinium when a 
pH of 5*4 is used for the eluant. 

As an example of the success of these procedures, it might be stated that we 
now have about 300 g, pure ytterbium, 15 g. spectrographically pure lutecium 
and almost an equal amount of very rich thulium. 

As mentioned earlier in the paper, we have been anxious to obtain the 
metals of these rare earths and we have been able to develop methods for 
producing them pure and in appreciable quantities. The process used is 
essentially the thermal reduction of the halides by means of calcium and the 
recasting of the metal into cylinders. This process was in the main part 
developed under our contracts with the Atomic Energy Commission and 
has not yet been declassified. At present we have a paper about ready for 
declassification. In the meantime it will not be possible to give further 
details regarding the method of reduction. 

At the time of writing this paper I expect to be able to attend the 
symposium in England, and if this turns out to be possible I shall exhibit 
metal bars of pure lanthanum, cerium, praseodymium, neodymium and 
yttrium as well as some salts of the rarer rare earths. These metals have 
about the density of iron and are soft like calcium. They react readily with 
air and we keep them under mineral oil to protect them from corrosion. 
In a massive bar, while the surface corrodes readily, the rate of corrosion 
slows down as it penetrates the bar and it is possibU*, though not desirable, 
to keep a cylinder exposed to air for several yc'ars. It will, however, be 
encrusted with a thick coating of oxide wiiich can be brushed off readily. 

1 he W()rk described in this paper was carried out in the Ames Laboratory 
of the [jiiitcd States Atomic Energy Commission during the past four years 
and the author wishes to acknowledge that it was done in collaboration with 
the following colleagues and graduate students : E. 1. Fulmer, A. F. Voigt, 
B. 0 . Ayres, T. A. Butler, P. Figard, E. M. Gladrow, M. Gobnsh, P. E. Porter, 
J. E. Powell, N. R. Sleight, A. 1 ). Tevebaugh, R. Q, Thompson, J. M. Wright, 
V. A. Fassel, 1 ). H. .Ahmann, V. Biilgrin, A. H. Daane and C. F. Miller.^'^ 


Insiilutc Jor Atomic licscarch and Chemistry Department, 
Iowa State College, 

Ames, Iowa, IJS.A. 
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Chem, Soc., 1917, 69, 2786. Spedding, Fulmer, Butler, Gladrow, Gobush, Porter, 
Powell and Wright, ./. Amer. Chew. Soc., 19^7, 69, 2812. Spedding, Fulmer, 
Ayres, Butler, Powell, Tevebaugh and Thompson, J. Amer. Chem. Soc., 1948, 
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APPLICATION OF ION EXCHANGE TO THE SEPARATION OF 
SUBSTANCES IN LOW CONCENTRATIONS 

By Edward R. Tompkins 
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Ion exchange was investigated as a means of separating substances in Jow concen- 
tration. The programme, which began in an attempt to separate the cationic fission 
species without addition of isotopic carriers, was so successful that it was continued. 
A method and an apparatus for separating multi-Curie quantities of fission products 
by remote control was developed for use in producing pure radio-isotopes. This 
apparatus has proved useful for a number of other separations in the radio-isotope 
production programmes of the United States Atomic Energy Commission. 

The separation, of rare earths was studied by both ecpiilibrium and column methods. 
Conditions which were satisfactory to separate rare earths, scandium and alkaline 
earths in very high purities were established by studying the effect of a number of 
variables on the distribution coefficient and the shape of the elution curves. 

The “ plate ” theory was applied to ascertain the degree of separation of two or 
more solutes eluted from a column. By determining the column constants and the 
equilibrium distribution coefficients of two solutes, it was possible to calculate elution 
curves which closely approximated the curves determined experimentally. The 
theoretical implications and the general applicability of ion exchange for difficult 
separations are discussed. 


Introduction. — In attempting to devise methods for separating the 
fission elements without the addition of isotopic carriers, the ion-exchange 
technique was investigated. Several groups connected with the United 
States Atomic Energy programme were active in this programme in various 
capacities. This summary will be limited to the contributions of the group 
consisting of W. E. Cohn, D. H. Harris, J. X. Khym, G. W. Parker, 
S. W. Mayer and E. R. Tompkins,^'® 

In the early experiments the mixture of fission products was adsorbed 
in a narrow band at the top of a column of Amberlite IR-i exchanger, 
and subsequently, the fission products were eluted from the column by 
replacement with an alkali salt or a strong acid of O’l to i M concentration. 
Although the early analytical methods were inadequate, it was obvious from 
the differential radioactive measurements on aliquots of the eliiate that the 
separations were incomplete. 

At about this time, E. R. Russell ® demonstrated that the fission zirconium 
and columbium could be desorbed selectively from an Amberlite IR-i 
bed upon which a fission product mixture had been adsorbed by passing 
a dilute solution of oxalic acid through the column. These observations 
suggested the possibility of using other reagents which would form soluble 


^ Tompkins, Khym and ( ohn, /. Amer. Chem, Soc., 1947, 69, 2769. 

* Harris and Tompkins, /. Amer. Chem. Soc., 1947, 69, 2792. 

^ Tompkins and Mayer, J. Amer. Chem. Soc., 1947, 69, 2859. 

^ Mayer and Tompkins, J . Amer. Chem. Soc., 1947, 69, 2866. 

^ Tompkins, J. Amer. Chem. Soc., 1948, 70, 3520. 

® Cohn, Parker and Tompkins, Nucleonics, 1948, 3, 22. 

’ Tompkins, J. Chem. Educ., 1949, a6, 32, 92. 

® Tompkins, Harris and Khym, J. Amer. Chem. Soc., 1949, 71, 2504. 

• Russell (unpublished work). 
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co-ordination compounds with the various fission elements. It appeared 
that it might be possible to select reagents which would selectively elute 
the fission products in groups (i.e., columbium and zirconium, alkaline 
earths, rare earths, alkali met^s, etc.). Because of the ability of citrate and 
tartrate to form soluble alkaline earth complexes, they were chosen for 
the initial investigations. Citrate was employed more extensively than 
tartrate since the greater solubility of its salts permitted studies over a wider 
range of concentrations. 

Preliminary experiments showed that citric acid in a concentration of 
0*23 M would not remove a measurable fraction of any of the fission elements 
from Amberlite IR-i after columbium and zirconium had been eluted 
with oxalic acid. Tri-ammonium citrate was tried next and it was found 
to remove not only the alkaline earths but also the other fission elements 
as nearly quantitatively as could be determined by preliminary radioactive 
measurements. Investigations employing citrate solutions of pH's between 
that of citric acid (about i*8) and that of tri-ammonium citrate (about 7*5) 
showed that a fair degree of separation of all the cationic fission products, 
including the rare-earth elements, could be effected with this one reagent.^ 
In attempting to improve the separations, particularly of the rare earths, 
further studies were carried on employing both the column procedure and 
equilibrium methods. The results of most of these investigations have been 
reported elsewhere.^'® This- account will summarize them and give the more 
important conclusions wliich have been drawn from these studies, particularly 
as they apply to the separations of rare-earth and alkaline-earth elements. 

Factors Affecting Separation.~Thc degree of separation of similar 
solute ions, such as adjacent rare earths, when they are eluted from a column 
is determined by (i) the separation for each exchange (i.e., the equilibrium 
separation factor) and (ii) the average number of exchanges that the ions 
make as they travel dovm the column.'* Variables affecting the separation 
factors may be studied most readily by equilibrium experiments while 
those that determine the number of exchanges must be studied by column 
experiments. 

Factors Affecting the Equilibrium Separation of Solutes. — A 

number of factors which affect the separation of solutes were studied by 
equilibrium experiments.^ In most of these experiments, a known mass of 
exchange resin in the ammonium form was shaken with a measured volume 
of solution of known composition. Radio-isotopes of the solutes being 
investigated (usually fission products) WTre employed for facihtating the 
analyses. Radioactive measurements to determine the changes in the 
solute concentrations in the solution phase permitted the calculation of 
the distribution coefficients. There w'as no appreciable error in the use of 
this technique since the total solute concentration was usually very low. 

A comparison of several exchangers as to their effectiveness in separating 
adjacent rare-earth elements showed considerable variation.® Synthetic 
resins with methylene sulphonic acid groups w^re less effective than those 
with nuclear sulphonic acid groups. Of the latter group, the sulphonated 
hydrocarbons were superior to sulphonated phenol-formaldehydes. 

There is ample evidence from both the equilibrium and column experiments 
to show that separation is most efficient wffien the concentrations of the 
solutes are low\^ ® ® ® For ionic concentrations below a ccTtain critical 
value, which varies with the type of exchange resin employed (e.g., rw 10“’ M 
rare earths for Amberlite IR-i and io~^ M rare earths for Dow^ex 50), 
changes in the solute concentration do not affect the distribution coefficients 
of the solutes between the solid and liquid phases appreciably, and thus 
do not alter their separation.® At higher ionic concentrations, the distribution 

H* * 
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coefficient of each solute is reduced, the net effect being a decrease in their 
separation. In this respect, the ion-exchange and adsorption methods of 
separating substances are unique since, unlike most other methods, they are 
more eifective at very low ionic concentrations than for macroscopic quantities 
of substances. 

Complexing agents serve a double purpose in increasing the separation 
of similar solutes, particularly when they are present in macroscopic 
quantities. Such substances not only contribute to the separation due to 
the differences in the dissociation constants of their co-ordination compounds 
with the solutes, but they also reduce the fractions of the solutes in the ionic 
form and thus their ionic concentrations. This permits larger quantities 
of solutes to be separated without exceeding the ionic concentrations above 
which the separation is affected adversely. 

Because of the initial success in separating similar elements by use of 
citrates, it has been studied more extensively than other complexing agents. 
Preliminary studies indicated that several other compounds such as tartrates, 
lactates, sulphosalicylates and acetylacetonates were equally effective or 
superior to citrates for separating rare earths.® 

The ideal situation would be to have a specific complexing agent for each 
substance which would form a very strong complex with it and not form 
a complex with any other substance. This would permit any mixture of 
ions to be separated by adsorbing them on an exchanger and subsequently 
equilibrating the exchanger successively with solutions each containing the 
complexing agents specific for a single substance.'^ Although this is applicable 
for some mixtures of dissimilar substances, it cannot be used for separating 
very similar ions such as the rare earths. A complexing agent for this 
application should form a water-soluble co-ordination compound with a 
dissociation constant in the range ® ^ of io“^ to io“®. 

Complexing agents which must be ionized in order to form co-ordination 
compounds with solutes are affected by changes in pH which determine the 
fraction in the ionized form. If they have more than one dissociable hydrogen 
(e.g., citric and tartaric acids), several complexes with the solutes are possible. 
For separating rare earths the complex with the di-hydrogen citrate ion 
proved most effective, the separation factor decreasing as the pH was 
increased.^ ^ ® The alkaline earths were separated most readily at pH 5 to 8, 
indicating that the completely dissociated citrate ion was functioning.^ ® ® 

The relative strengths of the bonds between an exchanger and similar 
solutes depend upon the hydrated radii of the solute ions, wMe the relative 
strengths of the complexes usually depend upon their non-hydrated radii. 
The hydrated radius of the rare-earth series increases and the non-hydrated 
radius decreases with increasing atomic number. Thus the separation effects 
of the exchanger and the complexing agent supplement each other, the 
former acting through variations in the relative bond strengths and the 
latter by varying the relative ionic concentrations of the rare earths due to 
different degrees of complex formation. Studies in which a sulphonated 
hydrocarbon resin (Dowex 50) was equilibrated with solutions of rare-earth 
salts with and without citrate indicated that the separation due to the 
exchanger and to the complexing agent were of about equal importance.® 
As would be expected, studies with alkaline earths showed the reverse 
relationship between the atomic numbers and the distribution coefficients 
of solutes between the citrate solution and the exchanger, radium having 
the highest distribution coefficient.^ ® ® 

Factors Affecting Column Efficiency. — An exchange resin consists 
of a highly cross-linked organic matrix with attached sulphonic acid groups, 
distributed uniformly. However, since the resins are in the form of discrete 
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particles, the column bed is not homogeneous. To exchange with another 
ion attached at the surface of a particle an ion in a solution flowing through 
the column needs only to diffuse through the immobile liquid layer sur- 
rounding it. Exchange of an ion within a resin particle is dependent upon 
ionic diffusion through the resin. 

If the flow-rate of solution through a column is sufficiently slow and the 
pacticles of exchanger are very small, the differences between the behaviour 
of the ions at various distances from the surface of the particles will be 
minimized.^ ^ ® Increasing the rate of diffusion by raising the temperature 
likewise will result in a closer approach to equilibrium.^® 

If a very small quantity of solute ions are first adsorbed in a narrow 
band at the top of a column and then a solution containing other ions passed 
through the column, a portion of the solute ions will be replaced from their 
original resin attachments and be carried down the column by the solution 
so that they come into contact with fresh exchanger. As each solute ion 
in solution passes an exchange position, there is a certain probability that 
it will exchange. ’ 

When a column is operated in such a manner that equilibrium conditions 
are approached, the solute ions will travel a certain average distance through 
the column before exchanging. For each exchange, the separation between 
solutes will approach the equilibrium separation factor.^ Therefore, for 
purposes of calculating separations of solutes, a column may be considered 
as being made up of a number of '' batches '' of exchanger, each successively 
equilibrating with portions of solution of volumes sufficient to occupy the 
void spaces around the particles of exchanger. To adopt more commonly 
used terminology, these elements of the column may be referred to as 

plates.'* 

I'he application of the plate ” theory to ion-exchange column separations ^ 
is very similar to its application to partition chromatography.^^ For this 
reason it will not be discussed here. Its applicability for anal 3 ^zing individual 
elution curves and for calculating the degree of separation of solutes with 
overlapping elution curves has been demonstrated amply. By determining 
the equilibrium distribution coefficients of any two solutes and their separate 
elution curs'cs from a short column, it is possible to predict accurately how 
much elutrienl must be passed through a column of any other size before 
solute first appears in a measurable concentration in the eluate. Further- 
more, the calculations arc simple and the method is easy to applv, especially 
if the analyses are made by radioactive techniques.'^ 

Any factor which changes the average distance a solute ion travels down 
a column between exchanges will affect the column efficiency. Thus the 
flow-rate is of prime imj^ortance since, as it is increased, the ions are carried 
at a faster rate down the column and so have less time to diffuse to an 
exchange position. The size of the resin particles determines the size of the 
liquid interstices between them and thus the average distance an ion must 
diffuse to reach the particle. Temperature which increases the diffusion 
rate increases the number of exchanges in a given column length.^® Likewise, 
the exchange capacity of the resin (i.e., the number of exchange positions 
per unit weight) affects the efficiency.^ The sulphonated hydrocarbons 
with exchange capacities of about 6 m.-equiv./g. are far superior to the 
sulphonated phenol-formaldehydes with capacities of one-third to one-half 
of this amount .2 3 5 8 lo 

In addition to these factors, the distribution coefficient affects the column 
efficiency since it determines the fraction of time the ions are in solution 


Ketelle and Boyd, /. Amer. Chem, Soc., 1947, 69, 2S00. 
Martin and Synge, JJiochem, J., 194T. 35. ^385. 
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and thus the distance they will be carried down the column between exchanges. 
The use of 0*23 M citrate solutions at pH above 3-0 (or higher citrate concen- 
trations at somewhat lower pH) tends to give poor separations of rare 
earths.^ ^ ® ® Likewise, the use of high concentrations of strong acids and 
solutions of their salts give poor separations of similar solutes. 

All of the factors discussed above, which affect column efficiency, are 
interdependent.*^ For example, decreasing the flow-rate will compensate 
for increasing the resin particle size, the use of an elutrient which will give 
a low distribution coefficient, etc.^ ® For this reason, it is difficult to study 
the effect of column variables on efficiency. A large quantity of data was 
accumulated without adequate control of the different variables before this 
fact became apparent.^ ^ ® ® Although they were helpful in establishing 
optimum operating conditions for some separations, they are of doubtful 
value for theoretical interpretations. 

Factors which Affect the Shape of Elution Curves. —The theoretical 
elution curves for solutes in low concentrations approach the normal curve 
of error.^ Deviations in form from the theoretical curves usually indicate 
decreases in separation.^ 2 4 6 8 most common form of elution curve is 

that which is asymmetrical with a steeper slope on the leading than the 
trailing edge. 

The following are a few of many causes for asymmetry in elution curves : 

(i) Too rapid a flow-rate and/or too large particles of exchanger will 
cause a graded behaviour of ions depending on their positions in the resin 
particles. This results in a long trailing edge of the elution curves and thus 
in an increased overlap of curves for similar solutes. 

(ii) A quantity of solutes so high or an elutrient which will give a low 
enough distribution coefficient that the concentration of solute exceeds that 
value above which the distribution coefficient is affected will produce asym- 
metry of elution curves. This condition usually prevails in only that portion 
of the column having the highest concentration of solutes. This causes 
all similar solutes to move more rapidly in this zone, thus giving asymmetrical 
curves with steep leading edges and decreased distances between them.® 

(iii) When a complexing agent such as ammonium di-hydrogen citrate 
is used to elute a rare earth from an exchanger which is principally in the 
hydrogen form, a pH boundary will be formed in the column.® ® This is 
caused by the conversion of the hydrogen-form resin to the more stable 
ammonium form. But the citrate is thereby converted to citric acid which 
has a very low concentration of complex-forming citrate ions. Thus the 
solute ions are re-adsorbed from the citrate solution at this boundary. If 
the pH of the elutrient is sufficiently high to cause the solutes to move faster 
than the pH boundary, they w^ill concentrate at that boundary and be eluted 
in high concentration, when this boundary reaches the bottom of the column, 
giving curves whose degrees of as5mmetry depend upon the relative rates 
of the boundary and the solutes. If, on the other hand, the pH boundary 
moves down the column faster than any of the solutes, their elution curves 
will be of the same form as though they had been eluted from a column 
of exchanger originally in the ammonium form.® 

In addition to decreasing the separation, conditions causing asymmetrical 
elution curves do not lend themselves readily to calculations of the probable 
degree of separation. For this reason, it usually is preferable to choose 
operating conditions which will give symmetrical elution curves, particularly 
in exploratory work. 

Conclusions. — Applications of the method developed for separating 
fission elements by members of the group named above have resulted in the 
following : 
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(i) The separation, concentration, purification and metathesis of multi- 
Curie quantities of each cationic-fission product, including the rare-earth 
elements, with specific activities as high as several Curies per milligram of 
total solids and in radiochemical purities greater than 99*9 %. 

(ii) Separation and purification of gram to kilogram quantities of each 
rare earth in purities greater than 99*9 % and in some cases with estimated 
purities greater than 99-99 % (upper limits of impurities determined by 
activation analysis). Also, it was demonstrated that adjacent rare earths 
differing in concentration by a factor of 10® could be separated with approxi- 
mately the same efficiency as when they were both present in comparable 
concentrations. 

(iii) Purification of several hundred grams of scandium to such a degree 
that the levels of impurities were below detection even by means of activation 
analysis. 

(iv) Separation of macroscopic quantities of strontium, barium and radium 
in high purities. 

(v) Demonstration of the applicability of this method for separating 
similar substances of many kinds both organic and inorganic. 

The experimental work, the results of which are summarized here, was 
performed at Oak Ridge National Laboratory, Oak Ridge, Tennessee. 

1834 University Ave., 

Berkeley 3, Calif, 


GENERAL DISCUSSION 


Dr. B. A. J. Lister (A.E.R.E., Harwell) said : The mechanism of adsorption 
of cations on alumina described by Dr. Sacconi is interesting to me in view of 
some tests I carried out to study tlie effect on the adsorption series of replacing 
water as solvent by a non-ionizing solvent, dioxan. I examined the adsorption 
of nine cations: J^'e® ’ , Ni=^ ' , Ag‘, Co^', Cr®^, Zn^^, Cu“^, Cd'-*^‘ and 
and found the order of preference considerably different from that found in 


aqueous solution or 

with any of the tried complexing agents. 


Dioxan 

Water 

Ammonia 

Tartrate 

Fe»+, Ni 2 + 

Fe=*^, Cr« •' 

Co2+ 

Cd2+ 

Ag+, Co 2 >, 

Cu2+ 

Z112+ 

Cu2+, Zn=^^- 

Zn^+ 

Ag-^ 

Cd«+, Cu-'+ 

I'e®"’", Cr* ' 

Cu*+ 

Zn2+ 

Ni^-*- 

Co“+ 

Cd2+. 

Cd2+ 

Ag+ 

Ni2+ 





Co-^ 




For example, the order of adsorption of Cu^' and Co- ions was reversed and* 
only reverted to the normal order for aqueous solution when there was about 
5 % water present. Similarly in dioxan solution, silver is more strongly held 
than copper whereas the reverse is the casp in aqueous solutiem. In the dilute 
salt solutions used there was generally a tr^e of water present from the hydrated 
salt but this was never >0-5 %. From the colour of the solutions of the nitrates 
of copper, cobalt, nickel, etc., in dioxan and from the colour of the adsorbed 
bands it seems probable that the metals are present not in ionized form but as 
neutral molecules both in solution and in the adsorbed state. 

In this case the hypothesis of the water providing the adsorption link is 
perhaps modified. The cupric ion, for example, has 4 water molecules in the 
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inner hydration shell, but possibly in a non-ionizing solvent where the copper 
nitrate may occur as neutral molecules there are fewer water molecules per copper 
atom. Incidentally I may add that, contrary to Dr. Flood’s experience, we 
have never found silver to be more strongly adsorbed than copper from aqueous 
solution. 

Dr. L. Sacconi {Florence) (communicated) : The hypothesis of a hydrolytic 
adsorption of electrolytes on alumina holds, of course, only for aqueous solutions 
of aquo-ions. The adsorption of inorganic salts from solutions in non-ionizing 
solvents is probably molecular. Anhydrous FcCls dissolved in benzene or toluene, 
e.g., is firmly adsorbed on an alumina column forming a yellowish-brown band. 
Development with KCNS or K4[Fe(CN)fl] solution has no effect. The red or blue 
colour produced by Fe‘** ions takes place only after washing with HCl solution, 
which evidently splits off Fe**’ ions from the adsorbed undissociated FeClg. 

The different order of preference of many cations from the different solutions, 
according to the different solvents and complexing agents employed, confirms 
that atomic groups co-ordinated around cations play a part in chromatographic 
adsorption. This is also confirmed by the results reported by Dr. Lister about 
the influence of water mixed with dioxan. It is evident that 5 % W'ater is 
enough to form aquo-ions from the dissolved Cu and Co salts. 

Mr. R. A. Wells (Teddington) said : In answer to Dr. Angell's question 
regarding the low^er limit of concentration of nickel which may be estimated 
by the cellulose column method, w^e have made no accurate measurements of 
the limits of the process, l)ut from our experience there appears to be no difficulty 
in separating very large amounts of cobalt and copper from small amounts of 
nickel. Dr, Davies informs me that he has estimated, semi-quantitatively on a 
paper strip, 0*03 % of nickel in cobalt metal. 

Dr. Pollard mentions the difficulty of detecting the alkali metals on paper 
strips. The following method may be of interest : we have found when using 
a neutral chloride solution for the separation of lithium, sodium and potassium 
that the metals move as their salts ; thus, by testing the strip for chloride, by 
spraying wdth silver nitrate and w^arming it has been possible to locate the 
position of the cations. 

Dr. F. H. Pollard (Bristol) (communicated) : It should be pointed out that 
the kojic acid oxine spraying reagent wdiich w’^e describe in our paper is satis- 
factory for the identification of the position of the alkali-metal ions. 

\Vdth regard to the test described by Mr. Wells, we should like to observe that 
ill our experience and that of Westall ^ the anions may under some conditions 
travel independently of the cations present on the filter paper. Thus it would 
seem that any test for a cation which depends on the presence of the anion at 
the same spot must be used with caution. 

Dr. E. Glueckauf (A.E.R.E., Harwell) said: Mr. (i. Robinson mentions that 
the 8-hydroxyquinoline columns cannot be applied to steel analysis on account 
of the large amount of iron pre.sent. This difficulty can be obviated by removal 
of the iron by partition chromatography on Ilighflow Super-cel saturated with 
6*5 M HCl (aqueous). The steel, dissolved in HCl, is concentrated as much as 
possible and the HCl content is brought up to 6-5 M. This solution is put on top 
of the column, and then developed with ether previously shaken with 6-5 M HCl 
(aqueous). (This figure is fairly critical.) Instead of ether, ^.soprojiyl ether may be 
used with advantage. Under these circumstances only iron will be found in the 
ether eluate, while all the other metals remain in the column. They can subse- 
quently be eluted with aqueous solutions and subjected to the 8-hydroxy- 
quinoline treatment. 

Mr. G. Robinson (Sheffield) .said : Dr. Glueckauf ’s transfer of the familiar 
Rothe ether separation to the chromatographic column is a masterly adaptation 
of an accepted technique to modern methods. At first sight it appears to be 
an ideal method of eliminating iron from steel solutions and I shall be happy to 
try out the method prior to adsorption on an 8-hydroxyquinoline column. 


^ Westall, Uiochem. /., 1948. 43, 249. 
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Prof. L, Zechmeister (California) said : It is proposed that the brush method 
as applied in collaboration with Dr. Frehden ® to the detection of certain metals 
on the alumina column could be further developed. By making use of a special 
brush (dipped in a specific colour reagent) for each metal and by drawing 
parallel streaks along the column, the respective metals can be easily detected, 
even if no clean geometrical separation had taken place. 

Mr. G. Robinson (Sheffield) said : I have used a technique which involves 
the application of dimethyl glyoxime as a specific reagent for nickel in a manner 
analogous in some respect to Prof. Zechmeister 's brush method. If one pre-coats 
alumina with dimethylglyoxime from alcoholic solution and then prepares a 
column from the dried material it is possible to pass an alkaline solution of a 
steel (with the iron complexed as tartrate) through the column and obtain a 
pink band due to nickel at the top. The length of band is proportional to the 
nickel content and by use of suitable standards one can arrive at an approxima- 
tion of the nickel percentage. 

Similar results for copper in non-ferrous alloys can be obtained on a column 
of alumina pre- treated with sodium di-ethyldithiocarbomate. 

Prof, A. Tiselius (Uppsala) said : It ought to be quite interesting to try the 
application of displacement development in the separation of ions on the ion- 
exchange resins, on alumina (Schwab) or on alumina-impregnated filter paper 
(Flood). The experiments of Partridge* demonstrate the application of this 
procedure to some organic bases and amino acids, and it is obvious from the 
results of Flood and Schwab that a strong mutual displacement often takes place, 
and that addition of a displacement agent in a suitable concentration is likely 
to make the separation more complete. Thus it may be possible to utilize the 
capacity of the columns (i.e., the filter paper) to its full extent. 

Also, I would like to ask w’hat is con^sidered to be the most favourable dimen- 
sions of columns, both for ion-exchange and other types of chromatography. 

Dr. E. Glueckauf (A.E,R.E,, Jlarcoell) said : The important question : what 
is the optimum length/diameter ratio for a column is to some extent answered 
bv eqn. [yi />, r) and (4«) * which contain the variable /I, giving the amount of 




0-04d^ 


Fig. I. Wall-channellmg due to difference in pore area^i. 

adsorbent per cm. length of column. We see that A enters only in those cases 
where finite grain size and longitudinal diffusion are the disturbing factors, and 
not in the case of non-equilibrium. In the latter case the length /diameter ratio is 

* Bull. Soc. chim. Biol., 1940, 22, 458. 

• This Discussion. 




* See p. 202 
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therefore immaterial, while in the former case decreased diameter offers advan- 
tages provided that the total amount of sorbent in the column is constant. But 
some reservations must be made due to features which are not considered in 
these equations. If the column is too short and fat, disturbances due to channel- 
ling and tilting of the boundaries become predominant, effects which cannot be 
assessed numerically. 

If the column chosen is too thin and long then the area of the larger pores at 
the wall (see Fig. A) becomes an appreciable fraction of the total cross-sectional 
area of the column and severe wall-channelling arises leading to a boundary 
form in the column of the type (Fig. B) which causes mixing of the different 
separated solutes in the eluate. 

This effect disappears again when extremely thin micro-columns, with 
diameters which are a small multiple of the grain diameter only, are used. In 
this case, lateral diffusion and convection are sufficiently effective in turning the 
sharp but tilted boundaries into diffuse horizontal ones, which can be sharpened 
up again by the chromatographic process. We thus see that there must be a range 
of column diameter somewhere between, say, 5 and 50 grain diameters which is 
less favourable for chromatographic separations, but it does not seem possible 
to define this region precisely. 

For substances difficult to separate ((K — 1) < o-i) extra allowance must be 
made for the fact that the boundaries spread over a considerable length depending 
on the values of (K — 1) and on the height of the theoretical unit AM- In order 
to obtain a pure product (>99 %) the length of the column must exceed the 

value 

\ / 

Thus we find that whilst there are quite a number of considerations which 
have to be weighed against each other, it is usually possible to make reasonable 
estimates of the required column conditions beforehand. 

Dr. W. M. Smit (Amsterdam) said: In connection with this it is noteworthy 
that we found experimentally that in development the separation efficiency of 
a column is not affected if the weight ratio sample/adsorbent is kept constant 
and the column is properly packed. 

Dr. R. Lessing (London) said : There is a close analogy between the problem 
of dimensioning adsorption columns and the chemical engineer's problem in 
designing packed towers and selecting the best combination of diameter, height, 
type and size of packing elements. The complexity of the disturbing factors 
militates against the achievement of the perfect design, and one cannot hold 
out much hope that the desire of Prof. Tiselius to find the ideal dimensions of 
an adsorption column will find a satisfactory answer in the foreseeable future. 

Dr. E. Glueckauf (A.E.R.H., Hanvcll) said : Dr. Synge asked why in 
Fig. 9 in Spedding’s paper the increase of grain size results, in addition to the usual 
broadening of the bands, also in an increa.se of the breakthrough volume. The 
reason for this is that here we have solute in bulk and not in tracer quantities. 
Consequently we have a curved isotherm which is also shown by the asymmetrical 
form of the bands. The self-shaipening front of such a band moves with a velocity 
which is the greater, the higher the frontal concentration. Larger grain size 
results in less complete equilibrium which leads to a greater spreading of the 
band. This involves decrease of the frontal concentration, and hence, for curved 
isotherms, a reduced travel rate of the front. This effect cannot occur at tracer 
concentrations because there we have a linear isotherm. 

Mr. C. D. Cook (Widnes) said: Using a w-hexane-nitromethane-silica system 
and solutes of linear isotherms, I have found that, in addition to the factors 
influencing the asymmetry of the elution curves enumerated by Dr. Tompkins, 
one of the major factors was in the silica itself. 

Having examined a large number of commercial silicas, and silicas prepared 
in the laboratory under differing conditions, it was found that the silicas could 
be divided into two groups : 


K y 

K-il 


by a considerable factor (> 30) depending on the ratio 
A 
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(а) silicas in which the elution curves were approximately symmetrical ; 

(б) silicas in which the elution curves were asymmetrical. The elution curves 
usually exhibited a right-hand skew. 

It has been found possible to predict whether or not the elution curves wiU 
exhibit asymmetry from the appearance of the silica under the electron micro- 
scope. I hope to have more to say on the characterization of silicas and the 
dependence of reproducibility of the elution curves on the type of silica, using 
the electron microscope, in the near future. 

Impure nitromethane, used as the immobile phase, containing higher nitro- 
paraffins, resulted in asymmetrical elution curves. Loosely packed columns, in 
which the gel volume decreases during elution, usually results in asymmetrical 
elution curves. 

It is essential that rigid gel packing techniques should be followed when 
preparing a column for elution purposes. We have found that it is possible to 
reproduce gel volumes to within ± 5 ml., and for some silicas even within ± 3 ml., 
on 200-300 ml. columns when silicas from the same batch are used. 

Prof. C. W. Davies (Aberystwyth) said: Mr. Nancollas at Aberystwyth has 
studied carbonate-hydroxide equilibria on the strong base resin Amberlite 
lRA-400. As would be expected, the divalent ion is preferentially held by the 
resin. This can be turned to good account in the preparation of COg-free alkali, 
as the whole of the carbonate can be removed when a caustic soda solution, 
prepared without special precautions, is run through a suitable column of the 
resin. 


11 (B). ORGANIC AND BIOCHEMICAL 

THE CHROMATOGRAPHY OF GASES AND VAPOURS 

By C. S. (L Phillips 
Received i^th July, 1949 


A simple self-recording apparatus is described for the analysis of gas and vapour 
mixtures by displacement from an adsorbent. The influence of factors, such as particle 
size, flow-rate, column design, type of adsorbent, temperature and nature of the mixture, 
upon the accuracy of the analysis is dLscussed. Illustrations are given of the application 
of the method. 


rhe separation of gas and vapour mixtures by fractional desorption from 
an adsorbent has been investigated by a number of workers. A list of refer- 
ences is given by Clae.sson. ^ Two general methods have been employed. In 
the first the gases are removed from the adsorbent by driving a heater along 
the column. This method has recently been applied by Turner, ^ and an 
instrument employing the principle is now available in America for the 
analysis of gas mixtures containing light hydrocarbons.^ In the second 
method, an inert carrier gas is passed through the column of adsorbent, and 
plays a part similar to that played by the solvent in liquid chromatography. 
The various components of the mixture are desorbed one by one, to produce 
an “ elution curve as in Fig. ia. This method has been considerably improved 
by Claesson,^ who emplo^^ed a carrier gas containing a constant concentra- 

* Claesson, Arhiv. Kemi, Min. Geol. A, 1946, 23, No. i. 

* Turner, Oil Gas 29th April, 1943 ; Petroleum Refiner, May. 1943. 

* Bull. No. 205, Burrell Technical Supply Co. (Pittsburgh, Pennsylvania) 
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tion of a vapour more strongly adsorbed than any of the components of the 
mixture. The displacement curve thus produced is illustrated in Fig. IB. 
Each step corresponds to one component, and Claesson was able to demon- 
strate that, for a wide range of hydrocarbons, the step height was constant 
and characteristic for any particular component, and the step length was 
proportional to the amount of the component present in the mixture. 

We have been applying Claesson's method to the analysis of the products 
obtained from experiments on gas kinetics, and, while the work is still very 
incomplete, it was felt that it might be valuable to indicate some of the 
main points that have so far emerged, if only to call attention to the sim- 
plicity and efficiency of the method. A full report of the work will be published 
later. 


Experimental 

The apparatus (Fig. 2) consists of a device A for the production of a constant 
flow of nitrogen (carrier gas), means for passing the mixture on to the column 
of adsorbent B, and for the introduction of a constant concentration of displacer 
into the nitrogen stream C, the column D and the analyzer E. 



Fig. I. — A. Elution analysis, b. Displacement analysis. 


Nitrogen, obtained from a cylinder tlirough a large buffering volume and 
a needle-valve, is passed through a simple compensating flowmeter, designed 
by Clark,* and illustrated in Fig. 3. In this device, the rate of gas flow, in the 
direction of the arrows, is fixed by the pres.sure of water BC acrOvSS the capillary A. 
B is constant as long as the stream of bubbles is maintained, but C will alter with 
any change of the pressure inside the system, the difference in pressure between 
the system and the atmosphere being given by the height CD ( -f- EF'). However, 
if the diameter of the inner tube is considerably less than that of the outer 
tube, the change in the internal pressure has normally only a negligible effect 
upon C. Any very marked alteration of pressure can be counteracted by adjusting 
the level of the water in the side tube EF". 

The mixtures are conveniently brought on to the column by condensing them 
in a liquid-air trap, through which the nitrogen can subsequently be passed. 
The constant concentration of desorbent is obtained by passing the nitrogen 
through a saturator. We have used ethyl acetate in a bath at 0° C for most of 
the work hitherto. The column, a glass tube built in sections (see below), is 
surrounded by a jacket, which enables a vapour to be distilled around the 
Column, so that experiments can be conducted at a series of temperatures. 
The column can readily be removed from the jacket for filling and cleaning. 

* Clark (British Oxygen Co.) (private communication). 
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Fig 4. — Thermal conductivity cell. 



Fig. 5. — Fronts for ethyl acetate (in Nj. 
80 ml. /min.). 

A. Through 9 mm. diam. column (4 
cm.® activated coal charcoal). 

B. Through the same followed by 2 J 
mm. column (| cm.® charcoal). 
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A thermal conductivity cell constitutes the analyzer. This consists (Fig. 4) 
of a Pt wire (14 cm. long, 0-05 mm. diam.), heated electrically and passing 
centrally down a glass tube (i-o cm. diam.), which is again surrounded by a 
jacket so that the cell can be operated at a variety of temperatures. The wire 
is held in position by a Pt weight A, which passes through a narrow constriction B 
into a Hg pool : C is a Pt wire sealed into the glass. Electrical contact is made 
at D and E. The ground joint F enables the wire to be removed and replaced 
with ease. The wire forms one arm of a Wheatstone bridge, the other three arms 
being similar wires kept in sealed tubes immersed in a thermostat. The voltage 
for the bridge and for heating the wire is supplied by a high-capacity 2-volt 
battery. A recorder (Ether Indicorder, full-scale deflection i-8 mV, chart speed 
I in. in 5 min.) is placed across the centre of the bridge. 

Provision has also been made for measuring the densities of the various com- 
ponents with a quartz buoyancy microbalance, previously used for atomic 
weight determinations. This, however, has proved unnecessary. 

The accuracy of the analysis will be related to the degree of overlap between 
one component and the next, i.e., to the sharpness of the steps in the displacement 
curve. This has been found to depend upon a number of factors. 

(i) Particle Size. — In general, it is found that the sharpness of the step 
fronts is increased by diminishing the size of the particles of adsorbent and by 
increasing their homogeneity. In the work hitherto, we have found no marked 
advantage in reducing the .size of the particles below b.s.s. 40 mesh, while 
smaller particles are inconvenient as they impede the flow of gas. Dust must 
be carefully avoided as it deposits on the tubes away from the rest of the 
adsorbent, and thus produces irregular and diffuse fronts. 

(ii) Flow-rate. — The fronts are improved by slowing down the rate to about 
50 ml. /min., though below this rate the improved sharpness has been insufficient 
to merit further reduction. Flow-rates greater than 100 ml. /min. tend to produce 
irregularities in the record of the analyzer. 

(iii) Column Size. — The sharpness of the fronts increases markedly with a 
lowering of tube diameter. For a given diameter the maximum separation is 
achieved in a remarkably small length of tube. In order to obtain sharp fronts, 
and yet to be able to work with fairly large quantities of material without resort 
to very long tubes, the column is built in sections, each section smaller than the 
one ab<jve and preceding it. The effect of this is shown in Fig. 5. The column 
in use at the time of writing is made of three 10 cm. lengths of tube, with internal 
diameters of 15 mm., 8 mm. and 2 mm. The adsorbent in each section is sup- 
ported on a disc of wire-gauze. The same type of divided column has been used 
by Claesson for work with liquid chromatography.® 

(iv) Adsorbents. — Activated charcoals have been used in most of the work 
hitherto. These arc carefully sieved and dried at 120° C. Slightly improved fronts 
are obtained if the charcoal is first saturated with the desorbent (ethyl acetate), 
which is then removed by distilling, e.g., with boiling nitrobenzene round the 
column. For \york with the more volatile gases (e.g., propane) a highly activated 
charcoal is recommended to prevent elution. An increased sensitivity is obtained 
by use of weakly adsorptive charcoals, owing to the increase in the specific 
length (step length per unit of component). This is particularly important with 
the higher molecular- weight components which have the smaller specific lengths. 
The same effect can, however, be obtained by using a more strongly adsorbed 
desorbent or a lower concentration of desorbent, by saturating the charcoal at an 
elevated temperature with a substance which will not be displaced or appreciably 
eluted, or by rai.sing the temperature of the adsorbent. 

(v) Temperature. — The effect of temperature is illustrated by the figures in 
Table I. The temperature of the thermal conductivity cell was the same (20° C) 
throughout. It will be noted that for each gas the product of step height and 
specific length is virtually constant, the thermal conductivity being approx- 
imately a linear function of the concentration.^ 

Sharp steps have been obtained with a range of organic vapours including 
hydrocarbons (saturated, unsaturated and aromatic), halogenated hydrocarbons, 

® Claesson, Arkiv. Kemi, Min. Geol. A, 1947, 04, No, i6. 
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Fig. 6. — Displacement analyses of hydrocarbon mixtures. 
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Adsorbent : Activated coal charcoal ; flow -rate: 80 ml. /min. 
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nitroparaffins, ethers, ketones, alcohols and esters. Some typical curves are 
reproduced in Fig. 6, and the corresponding analyses in Table II. 

Ethylene is not displaced as a step, and the calculations have to be made by 
measuring the area under the peak. It is impossible to do this completely owing 
to the fact that the tail soon becomes indistinguishable from the record for N^. 
However, if a plot is made of ml. ethylene (i ml. ~ 0-00125 g.) against estimated 
area under peak, a straight line is obtained (Fig. 7), and from this the concentra- 
tion of ethylene can be calculated. It will be noticed that the line does not pass 
through the origin, thus indicating the amount of material unobserved in the 
tail. 


TABLE I 


Gas 

Propane 

j Butane 

Temperature (° C) 

Step height 
(% of Ethyl 
Acetate) 

Specific length 

(in-/g-) 

Step height 
(% of Ethyl 
Acetate) 

Specific length 

(in./g-) 

126*5 

No step 

— 

12*0 

1 135 

57 

1 7-0 

232 

30*5 

53*0 

20 

17-5 

95*5 

44*0 

3 b *3 

b *5 

1 23*5 

i__ _ 

71*7 ! 

47*0 

34*4 


Adsorbent: Dorsitc (coconut charcoal) ; flow-rate: 80 ml. /min. 


TABLE 11 


Analysis 

Component 

Step height 
(% of Ethyl 
Acetate) 

Found value 
(g-) 

. 

j 

Correct value 
(g-) 

A 

Ethylene 

— 

0*0215 

0*0213 


Propane 

14*0 

0*0038 

: 0*0034 


«-Butanc 

43-5 

0*0408 

0-0413 

B 

Propane 

1 

14*0 1 

0*0171 

0*0167 

i 

w-Butane 

43-5 i 

0*0334 

j 0*0331 

1 

«-Hexane ! 

86-5 

0*0265 

i 0*0261 

c 1 

Ethylene 

— 

o*oio8 

i 0*0107 

1 

Propane 

13-5 

0*0085 

1 0*0083 

i 

__ ___i 

«-Butane | 

43*5 

0*0246 

1 0*0246 

i 


Adsorbent : 2 cm.® activated coconut charcoal (Sutcliffe, Spcakman No. 208C) ; 

flow-rate : 40 ml. /min. 


The diffuse region between two components corresponds in almost all cases 
to flow period of about two minutes. 1 his region is slightly increased between 
alcohols, a fact presumably to be related to their high association. The separation 
is particularly marked along an homologous series but with substances of similar 
boiling point the separation is less perfect and, moreover, is masked by the fact 
that two such substances will often have almost the same step height. It is, 
therefore, often convenient to combine the column separation with some other 
means. For example, butane and butene appear to come off together as one 
step, but if the gases, before entering the thermal conductivity cell, are passed 
through a tower, containing pumice soaked in cone, sulphuric acid, the butene 
is removed and a curve as in Fig. 8 is obtained. From this the percentage of 
each component is readily calculated. In this case the diffuse region corresponds 
to lo-min. flow^ period (i.e., 0*050 g. of the butane-butene mixture). 

An alternative method can be devised using silica gel, for we have observed 
that, with the exception of ethylene, the unsaturated hydrocarbons are not 
displaced from silica gel by ethyl acetate, while the saturated hydrocarbons are 
removed readily. 
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A rather surprising feature of the method is that the accuracy with which the 
amount of one component is determined seems to be independent of the amounts 
of the other constituents present. The method is, therefore, very suitable for the 
estimation of a small percentage of one component in a relatively large amount of 
a mixture. Thus, in one series of experiments to determine the possible ether 
content of a sample of ethylene, no step corresponding to ether could be produced 
from 15 g. ethylene. 0-0714 g. ether was then mixed with the same amount of 
ethylene, and a step of 3-25 in. was obtained for the ether. The same quantity of 
ether, in the absence of the ethylene, gave a step length of 3-22 in. Fig. 9 



Fig. 9. — Analysis of rc.sidue from fractional distillation column. 
Adsorbent : 10 cm.^ activated coal charcoal ; flow-rate : 40 ml. /min. 


illustrates an analysis of a residue (approximately 1-5 ml.) from a fractional dis- 
tillation column, in which 2-i (i o-i) mole-^.t', of hydrocarbons and 8-6 (i 0-2) 
mole-% of C4 hydrocarbons were separated from the main component, -hexane. 

Self-sharpening fronts and, in the case of elution, diffuse tails are to be expected, 
on the simple theory, for substances whose adsorption isotherms arc convex 
towards the pressure axis. This has been generally observed. Conversely for 
substances, whose adsorption isotherms are concave towards the pressure axis, 
diffuse fronts and sharp tails should be observed. This effect is demonstrated in 
Fig. 10, which illustrates the elution of water from charcoal. 



Fig. 10. — Elution of water from charcoal. 


As a result of this behaviour water is not displaced as a single step by a 
desorbent such as ethyl acetate, but, if present in any but very small amounts, 
it produces a number of steps in company with other components. The length 
of the step, e.g., containing ethyl acetate and water, can be used as a measure 
of the water present, but in general much confusion is avoided if the mixture 
can be kept moisture-free. 

The behaviour of aldehydes is curious. They are not displaced from charcoal 
by ethyl acetate or other similar desorbents. If, however, the charcoal is wet 
or the aldehyde contains water, then a normal step is produced. Further, while 
an aldehyde will tenaciously resist elution in Nj, it is readily removed by water 
vapour, or by the vapours of either methyl or ethyl alcohol. In each case the 
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aldehyde is desorbed in company with the vapour in question. The aldehyde, 
under such circumstances, can be used to displace other materials from the 
column. 

The author wishes to thank Dr. S. Claesson, Prof. Sir Cyril Hinshelwood 
and l>r. B. Lambert for their valued advice and encouragement. 

Inorganic Chemistry Laboratory, 

Oxford. 


CHROMATOGRAPHY OF PETROLEUM HYDROCARBONS 

By W. M. Smit 
Received i%th July, 1949 

A review of applications of the adsorptive percolation method using petroleum 
hydrocarbons is given. The development method with a series of developers is recom- 
mended if a more detailed separation of petroleum fractions is the aim. It is shown 
that, at least on silica gel, the hydrocarbons of a certain group arrange themselves 
during development according to their refractive indices. The results of adsorptive 
percolation through a silica gel column have been compared with a treatment in a 
thermal diffusion column, both applied to a completely hydrogenated lubricating oil- 
fraction. In the case studied, the result of adsorptive percolation is somewhat superior. 
The results of percolation of two other lubricating oils are discussed. 


The use of the word chromatography in connection with hydrocarbons is 
mainly based on historical considerations. Other expressions less stressing 
the colour element for indicating the adsorptive separation method of 
Tswett, such as adsorptive percolation, might be more suitable. For, except- 
ing aromatics which show fluorescence when exposed to ultra-violet light, 
hydrocarbons are colourless. Consequently, with hydrocarbons the process 
of adsorptive percolation is nearly always continued until all the constituents 
of the mixture have left the adsorption column and the effluents are analyzed 
separately, mainly by optical means (liquid chromatography). Besides this 
special feature, it is more important to realize that petroleum fractions are 
usually very complex mixtures of various groups of closely related substances. 
This accounts for the moderate success of adsorptive percolation when 
applied to petroleum fractions. Furthermore, the questions arising with 
adsorptive percolation of hydrocarbons are quite comparable with those 
arising with other compounds. These questions are : which method of ad- 
sorptive percolation is most suitable for the purpose aimed at, which adsorb- 
ent and which solvents may give the best results, and how is the separating 
efi&ciency as compared to other separation methods. 

As to the methods, both theoretical and experimental work have now led 
to the general opinion that when a non-quantitative separation is required, 
the elution method (displacement method) may give good results. When 
incomplete separation into two fractions is suflicient, or when not too com- 
plex mixtures have to be analyzed, the continuous introduction method 
(frontal analysis) may be suitable. However, when complex mixtures have 
to be investigated or complete separation is aimed at the development 
'method has to be chosen if its use is possible. 

Concerning the adsorbents and solvents to be used, no general rules have 
so far been found. Experiences of other investigators or the trial and error 
method have to be referred to. Therefore, a review of the literature on 
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adsorptive percolation of hydrocarbons will be given first. Following this, 
some experiences with petroleum fractions will be mentioned and, as a 
further contribution to the question of the efficiency for a special case, a 
comparison will be made between adsorptive percolation and thermal 
diffusion. Finally, the applicability of adsorptive percolation to petroleum 
fractions and the possibilities connected therewith will be summarized. 
The following survey of the literature has been made according to the 
methods of percolation used. 

The continuous introduction method is applied on a technical scale to 
remove coloured substances from certain petroleum distillates. The adsorbent 
used is bauxite or active clay. 

Hirschler and Amon ^ showed that continuous introduction of the sample 
followed by elution with methyl alcohol constitutes a useful purification 
method for saturated hydrocarbons which are contaminated with homo- 
logues. Silica gel and charcoal are suitable adsorbents, whereas alumina is 
far less effective. A large number of data concerning the adsorption of binary 
systems of saturated hydrocarbons up to is given. The authors show 
that the method has its limitations when so-called S-type adsorption iso- 
therms occur. 

For analytical purposes Mair and White applied the elution method to 
a mixture of hydrocarbons boiling between 80" and 175° C. Using silica gel 
as adsorbent and water as eluent (displacer) the mixture could be separated 
into an aromatic and a non-aromatic fraction. Willingham® obtained the 
same result with a mixture of higher boiling-point hydrocarbons. Mair* 
using methanol as eluant analyzed a synthetic mixture of toluene, cyclo- 
hexene, 2:2: 4-trimethylpentenc and 2:2: 4-trimethylpentane by 
percolation through silica gel. Toluene and 2:2: 4-trimethylpentane were 
recovered in an approximatety pure state. Cyclohexene and 2:2: 4-tri- 
methylpentene could not be separated from each other. The elution method 
is also applied to gaseous hydrocarbons up to heptane. An ingenious appara- 
tus has been constructed by Turner.® The adsorption column is filled with 
pellets of activated carbon. Elution is accomplished by a combined action 
of heat and mercury, 'fhe effluent gases arc analyzed by means of heat 
conductivity cells. Hydrocarbons of different molecular weight may be 
separated but difficulties are encountered with the separation of isomers. 
A similar apparatus has been constructed by Tiselius and Claesson. ® 

With the development method the effluents are always diluted by some 
solvent. Therefore, the method is usually restricted to hydrocarbons of low 
volatility. Using alumina as adsorbent and benzene as developing solvent, 
Winterstein and Schon*^ separated polycyclic aromatics. Mair and Forziati® 
carried out a quantitatively controlled adsorptive percolation of a mixture 
of seventeen hydrocarbons. The mixture was separated into an aromatic 
and a non-aromatic fraction and the composition found tallied within i % 
with the true composition. Silica gel was used as adsorbent and propane, 
butane or pentane were the developing solvents. Nederbragt and de Jong® 
obtained complete separation of a mixture of tetracosane and di-sec.- 
butyldecaline using an active earth (Floridine 267) as adsorbent and pentane 
as developer. With another kind of active earth (Floridine XXF) even the 

• Hirschler and Amon, Ind. Eng. Chem., I947» 39. 1585. 

• Mair and White, J. Res, Nat. Bur. Stand., 1935, 5i- 

• Willingham, J. Rei>. Nat. Bur. Stand., 1939, aa, 321. 

• Mair, J. Res. Nat. Bur. Stand., 1945, 34 . 435- 

• Turner, Petr. Ref., I943» aa, 140. 

• Claesson. Ann. N.Y. Acad. Set., 1948, 49, 183. 

’ Winterstein and Schon, Z. physiol. Chem., 1934, a30, 139, 146. 

® Mair and Forziati, J. Res. Nat. Bur. Stand., 1944, 3a, 15 1. 

• Nederbragt and de Jong, Rec. trav. chim., 1946, 65, 831. 
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separation of two naphthenes, viz., octadecylcyclohexane and di-s^c.- 
butyldecaline, proved to be possible. 

Recently the author^® showed that introduction of a suitable series of 
developers may be very useful when a complex mixture of hydrocarbons 
has to be separated. Out of a mixture of five hydrocarbons, viz., hexadecane, 
hexadecene, dodecylbenzene, a - propylnaphthalene and 1:2- diphenyl- 
propane, all components could be re-collected in their original pure state. 
Only between the two components last mentioned an intermediate fraction 
was found. The other components were re-collected quantitatively in a pure 
state. The adsorbent used was silica gel and the developers used subsequently 
were pentane, carbon tetrachloride and chloroform. It proved to be possible 
to calculate the result to be expected from figures obtained on percolation 
of the pure substances. The result calculated and the result actually found 
agreed within the experimental error. For further details the original paper 
should be referred to. 

Experimental 

Petroleum Fractions. — It would have been of interest to extend the 
work with pure hydrocarbons previously mentioned to still more complex 
mixtures of known composition. For temporary lack of suitable pure 



O 10 20 30 40 50 60 70 80 90 100 

Fi(i. 1. -Percolated sample: completely hydrogenated lubricating oil fraction 

Absorbent : silica gel. 


Column int. diam. (cm.) 
Length of packing (cm.) 
Weight of packing (g.) 
Density of packing (g./ml.) 
Sample weight (g.) 

Line 


1*45 

2*9 

310 

302 

336 

1343 

0*66 

0-67 

3*754 

15*525 

Drawn 

Broken 


5-8 

301 

5242 

0*66 

60-145 

Dash-dot 


Smit, Anal. chim. Acta, 1948, a, 671 
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hydrocarbons some lubricating oil distillation fractions have now been 
investigated using the same method. This method may be restated briefly. 
A glass ♦ adsorption tube is mechanically filled with silica gel (Davison, through 
200 mesh). The length of the columns used is about 300 cm. and the cross- 
sectional area is taken proportional to the weight of sample to be handled. 
As Fig. I shows, the separating efficiency is not affected by the diameter if the 
length of the column is kept constant and the sample size is taken proportional 
to the square of the diameter of the column. The weight ratio of sample to 
silica gel is about i/ioo. Before introduction of the sample the column is 
wetted with the first developer to be used so as to diminish loss of material caused 
by irreversible adsorption. By doing sc) losses would be reduced from 4 % 
without previous wetting to i % with pre-wetting. The sample is previously 
diluted by about ten times its volume of the first developer. Then the sample 



Fig. j.-- R esult of ad.sorptive percolation of sample A. (Lubricating oil fraction 
containing hardly any paraffins.) 

is introduced into the column. Subsequently the first de\ eloper is forced through 
the column .so that the linear speed of the liquid front docs not exceed 2 cm. /min. 
Samples of appropriate volume arc collected at the bottom of the column. 
The solvent is evaporated, the residue is weighed and its refractive index is 
measured. Introduction of the same developer is continued until evidence has 
been obtained that the effluent leaves no perceptible residue after evaporation 
of the soh ent. Then the next developer to be used is introduced into the 
column. The same process is repeated, after which a third developer is intro- 
duced, etc. Thus far three developers have been used, viz., pentane, carbon 
tetrachloride and chloroform. After chloroform has become ineffective the 
components still retained in the column are eluted by means of ether or acetone. 
For the determination of the right moment of changing the developer and the 
sequence of the dc\'elopers the experiments with pure hydrocarbons have 
been of great help. 

♦ It may be mentioned bore that some oils adsorbed on silica gel may give rise to 
the formation of coloured products when exposed to daylight. 
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The results of the percolation of two oil fractions of different origin ^ve 
been represented (qualitatively) by Fig. 2 and 3. Sample A (Fig. 2) is a lubricat- 
ing oil fraction which according to ring analysis (the original method h^ been 
modified and will be published shortly) contained naphthenes and aromatics and 
no paraffins. However, the first percolation fractions of this sample solidified 
at room temperature. Moreover, the refractive index (measured, by way of 
exception, at 70° C) was 1-431. It was concluded that the very first fractions 
consisted of paraffins. Thus the presence of a few tenths per cent, of paraffins 
can be detected in a mixture mainly consisting of naphthenes and aromatics- 
The following pentane fractions had refractive indices increasing from about 



Fig. 3. — ^Result of 'adsorptive percolation of sample B. (Low boiling-point 

lubricating oil fraction.) 


1*453 to 1-530. suggesting that the main part of the naphthenes was of poly- 
cyclic nature. pentane fractions when examined by an ultra-violet spectro- 
meter showed no trace of aromatics. The fractions obtained with carbon tetra- 
chloride had refractive indices increasing from 1-510 to i* 597 - The chromato- 
gram revealed that only a small amount of monocyclic aromatics was present. 
Indications have been obtained that the carbon tetrachloride fraction contained 
mainly dicyclic and perhaps some polycyclic aromatics. The refractive indices 
of the chloroform fractions increased from i-6ii to 1-644. These fractions 
contained the polycyclic aromatics. After chloroform had ceased to be effective, 
about 10 % of the oil was still left in the column. This last part was recovered 
by introducing ether into the column. After evaporation of the solvent a sticky 
brown mass was obtained which showed a remarkably high sulphur content. 
Thus it was clear that sulphur compounds and presumably other non-hydro- 
carbons were accumulated in the last percolation fractions. 

As to sample B (Fig. 3), which had a lower mean molecular weight than 
sample A, only the pentane part of the chromatogram has been represented. 

Vlugter, Waterman and van Westen, J. Inst. Petr. Techn., i 935 * 7 ®** 

Smittenberg and Mulder, Rec. trav. chim., 1948, 67, 813, 826. 
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The remaining part showed no peculiar differences when compared with sample 
A. According to ring analysis, sample B consisted of paraffins, naphthenes and 
aromatics. As is seen in Fig. 3, there is a distinct gap in the pentane fractions. 
First a series of fractions was obtained, the refractive indices of which increase 
continuously up to 1*470. Then several fractions of pentane were collected 
leaving no residue after evaporation of the solvent. However, the next pentane 
fractions after evaporation of the solvent left residues the refractive indices of 
which start at 1*491 and rise slowly up to 1*500. So a separation between mono 
and dicyclic naphthenes was obtained here. To confirm this the pentane 
fractions were examined with an ultra-violet spectrometer. No aromatics could 
be detected. 
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Fig. 4. — Comparison of adsorptive percolation and thermal diffusion for the special 
case of a completely hydrogenated lubricating oil fraction of the same type as 
sample A. 


These two examples of adsorptive percolation show that this method not only 
permits determination of the ratio between aromatic and non-aromatic com- 
pounds, but also gives valuable information about the constituents within one 
of these groups. Thus adsorptive percolation may be a useful means of character- 
ization. Yet it seemed useful to ascertain whether after a first separation in 
two groups other physical separation methods might give even more detailed 
separation between the constituents of one group. Thus, thermal diffusion 
was compared with adsorptive percolation. Preliminary experiments had 
shown that thermal diffusion gives no specific separation between aromatics and 
non-aromatics. Therefore a distillation fraction of oil A (which contains 
hardly any paraffins) was hydrogenated completely, thus giving a mixture consist- 
ing of naphthenes only. One part of the hydrogenated oil was submitted to 
adsorptive percolation in a silica gel column of length 300 cm. using j>ent^e 
as developing solvent. The other part was submitted to thermal diffusion. 
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The thermal diffusion column has a length of i8o cm. It consists of two 
concentric brass cylinders leaving an annular slit of 0-25 mm. thickness. The 
surface of the outer cylinder is cooled with tap water. The inner tube is heated 
by steam, thus causing an effective temperature difference of about 50° C across 
the slit. 

One thermal diffusion run lasts about 240 hr. and requires 5 tons (weight) 
of steam. The size of the sample is about 40 ml. The adsorption column 
has an inner diameter of 1-5 cm. The percolation lasts about 8 hr. About 
700 ml. pentane is used which may be recovered. The size of the sample is 
4 g. If the sample had been of the same amount as used in the thermal diffusion 
experiments, the diameter of the adsorption column should have been about 
4*5 cm. and about 7 1. pentane would have been necessary, whereas the percola- 
tion time would have remained the same, viz., 8 hr. The results of both methods 
are represented graphically in Fig. 4, whence it may be concluded that the 
separation obtained by adsorptive percolation is in this case somewhat superior 
to that by thermal diffusion. 


Discussion 

According to the literature and our own experience it may be stated that 
quantitative separation of petroleum fractions into an aromatic and a non- 
aromatic part is hardly a problem nowadays. The elution (displacement) 
method may give good results when silica gel is used as adsorbent and 
alcohol, acetone or ether are used as eluants. Water is less suitable. The 
results may be greatly improved, especially when viscous oils are dealt with 
by previous dilution of the sample with a mixture of pentane and some 
other solvent like carbon tetrachloride, chloroform or benzene, which is 
more strongly adsorbed. A weight ratio of gel/sample above lo/i is found 
useful. This method may be also used to accumulate non-hydrocarbons 
present in oil fractions. 

For further separation within the groups of saturated and non-saturated 
hydrocarbons the developer method is more suitable. This becomes the 
clearer if the experiments of Hirschler and Amon^ are taken into 
account. As yet, percolation through silica gel has .shown the possibility 
of separation between mono and polycyclic compounds, both saturated and 
non-saturated. However, complete separation has not been established with 
certainty. As a general feature of adsorptive percolation through silica gel 
using the developer method, it may be mentioned that the hydrocarbons are 
arranged according to their refractive indices. 

Though silica gel as adsorbent and pentane as developer constitute a good 
combination to resolve a mixture of saturated compounds, some active 
earths may presumably give better separation between paraffins and 
naphthenes. 

From separate experiments^® and the results mentioned in this paper, 
it may be concluded that carbon tetrachloride has a rather weak developing 
power, whereas chloroform is adsorbed somewhat too strongly to effect fair 
separations in the aromatic part, at least when silica gel is the adsorbent. 
Experience with mixtures of these two solvents has as yet not been very 
successful. Other solvents have been tried and Cg olefins might be very 
suitable but these are polymerized on silica gel. Better results may perhaps 
be obtained if the aromatic part is re-percolated through alumina as seem 
to be borne out by the experiments of Winterstein.*^ 

When comparing the result of adsorptive percolation with other separation 
methods applicable in petroleum chemistry, the conclusion arrived at depends 
on the result desired and the range of molecular weights covered by the 
constituents of the sample. Up to Cg, low-temperature distillation has 
several advantages if nearly complete separation is required. From Cg uf)- 
to about C j g, a combination of distillation and adsorptive percolation may 
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give good results. But for heavier compounds, distillation permits only a 
rough separation according to molecular weight, whereas adsorptive per- 
colation is far more selective as to the nature of the compounds. Moreover, 
with distillation partial decomposition of higher boiling-point compounds 
can hardly be avoided. Fractional crystallization at low temperatures may 
be of help in this region but is also less selective. Thermal diffusion is to some 
extent comparable with adsorptive percolation, except in the separation 
between saturated and non-saturated compounds. 

In conclusion, for petroleum hydrocarbons it may be stated that adsorptive 
percolation constitutes a very useful, additional separation method, espe- 
cially in the range above C ^ g. However, the investigation of its possibilities 
and limitations is far from complete. 

Acknowledgment is due to the management of the Bataafsche Petroleum 
Maatschappij for their permission to publish this work and to the author's 
coUeague Mr. Kramers for permission to make use of results of his experi- 
ments on thermal diffusion. 

K oninklykej Shell-Labor atorium, 

Amsterdam. 


CHROMATOGRAPHIC FRACTIONATION OF BLACK OILS 

By a. S. C. Lawrence and D. Barby 
Received 1 st July, 1949 


Preliminary attempts at chromatographic fractionation of black oils have given 
indications that separation into hydrocarbon types is achie\'t‘d to a great extent and 
that the method should he; of great value in the study of petroleum. The resinous 
components most strongly adsorbed cm alumina and coke contain significant 
amounts of oxygen. 


Very little is known of black oils ; they are treated as by-products. 
They were regarded first as mixtures of all possible isomers of paraffins, 
and when it was recognized that the three main classes of hydrocarbons, 
viz., paraffins, naphthenes (i.e., cyclo-paraffins) and aromatic hydrocarbons, 
were all present, the idea arose that the higher oils could not be assessed 
on any basis of these types because of the existence of mixed molecules. 
In particular, on this chemical basis it is su^csted that all asphalts are 
different and that there is such an astronomical number of possible com- 
ponents that any examination would be a waste of time. This is true only 
if the object is to separate such mixtures into their individual chemical 
components. In view of the evidence and as a result of previous work 
by one of the writers (A. S. C. L.), it was considered that there is not unlimited 
mixing of the three types of hydrocarbon in oils of high molecular weight of 
the type : 

CH., 

0“ — G 

ffithough alkyl naphthenes with short alkyl groups are certainly common 
in petrol fractions. It was further considered that the more serious factor 
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to be considered was that we have in the simplest case, where there is no 
mixing of type, three homologous families, viz. : 


Paraffins 

Methane 

Ethane 

Propane 


Cyclo-Paraffins 
E.g., □ 


\ 

/ 


I 

(D). 

1 

I 

I 


Aromatics 

Benzene + ^ CHg 

I i 

Naphthalene 

I 

Anthracene 


Butane and isomers. . 

In very large molecules a small amount of alkyl substitution or linking of 
rings will not detract much from the ideal type. 

With high molecular weight compounds, specificity of solvent action 
will increase, but even if the higher members of one class are insoluble in a 
chosen solvent in which another class is soluble, the lower members of 
the insoluble class will become soluble. It is necessary therefore to carry 
out ' horizontal ' as well as ' vertical ' separation. This is important 
for another reason. The highest molecular weight material in asphalts 
and black oils, the so-called ‘ hard asphalt,* is a very powerful absorbent 
of the lower molecular weight materials which in turn absorb still lower 
components. 

Experimental and Results 

Following a number of preliminary experiments, an analysis was made of 
a Venezuelan fuel oil. The ‘ horizontal * separation was achieved by distillation 
in a good vacuum by which four volatile fractions and a residuum were obtained. 
Each was then fractionated chromatographically by the method of successive 
elutriation. Finally the whole undistilled oil was fractionated chromatographi- 
cally for comparison. Powdered coke was used as absorbent at first, but alumina 
was found to give equally good results and this was used on account of the 
advantage of its colour. 

TABLE I 


Fraction No. 

[ Boiling Range 

% of Oil 

54 

I 140-200 

i8-45 

55 

1 200-230 

I I *06 

56 { 

230-290 

11-55 

57 

^ 290-340 

1I'2 

58 1 

Residuum 

1 46*4 

II 7 

Whole Oil 

1 

— 


A battery of tubes was erected each i8 in. long and in. diam. These 
discharged into Buchner flasks connected to a filter pump and the solution of 
the oils was sucked through the columns. This method has the great advantages 
that the elutriate can be passed from the first column to the second (and the 
process continued as required), and that where elutriation is very rapid with 
subsequent solvents, the elutriate can be diluted to 2 % before running through 
the second and subsequent tubes. 

The oils were made up to 2 % solution in hexane and sucked through alumina 
columns : a colourless solution containing white oil was obtained (a fraction). 
The alumina was then elutriated with cyclo-hexane which carries through a 
pale yellow oil with blue fluorescence (p fraction). This is followed by toluene 
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TABLE II 


Fraction 

a 


Y 

S. 

8. 

e 


€0 

54 

% 

86'0 

2*22 

4*68 

Trace 





flu 

1-4830 

1*5664 

1*6246 

— 

— 

— 

— 


Dispersion 

o-oio8 

0*0202 

0*0312 

— 

— 

— 

— 


Colour 

None 

None 

Brown 

Brown 

Green 

— 

— 

— 


Fluorescence 

None 

None 

Blue 

None 

— 

— 

— 

— 

55 









% 

72*7 

5*06 

17*2 

2*46 

2*52 

— 

— 

— 


1-4952 

1*5550 

i*6i66 

1*5953 

— 

— 

— 

— 

Dispersion 

0*0099 

0*0174 

0*0275 

0*0247 

— 

— 

— 

— 

Colour 

None 

Pale 

Orange 

Yellow 

Brown 

— 

— 

— 



Yellow 

Yellow 






Fluorescence 

— 

— 

— 

— 


— 

— 



56 

% 

61 *6 

2*94 

22*2 

3*91 

2*28 




wd 

I -4995 

1*5331 

1 *6095 

— 

— 

— 

— 

— 

Dispersion 

0*0101 

0*0135 

0*0259 

— 

— 

— 

— 

— 

Colour 

Pale 

Pale 

Red 

Brown 

Brown 

— 

— 

— 


Yellow 

Yellow 







Fluorescence . . ! 

Blue 

Blue 

Green 

Green 

None 

— 

— 

— 

57 I 

% 

35*3 

4*5 

43*4 

7*66 

7*00 



0-834 

Wj, . . . . 

1*4910 

1*4850 

1*5590 

1*5730 

— 

1 

— 


Dispersion 

0*0081 

0*00791 — 

0*0174 

— 


1 

1 

1 ^ " 

Colour 

None 

Pale 

Red 

Red 

j Red 

! — 


! Black 



Yellow j 



1 



Fluorescence 

None 

Blue 

Green 

Green 

1 None 

— 

— 

! None 

58 





j 

1 



% .. .. ^ 

21*8 

2*6 

35-4 

0*8 

10*6 

1 1*8 

Trace 

23*6 

Colour 


* 

Dark 

Dark 

Dark 

j Black 

Black 

Black 




Red 

Red 

Red 

i 

( 



117 (Whole Oil) 

% 

40*0 

11*5 

23*0 

5*0 

7*0 

1*5 

0*5 

7*5 


1*50021 1*5112 

— 

! 

— 

— 

— 

— 

Dispersion 

o*oio8i 0*0097,1 — 

! — 

— 

— 

— 

— 

Colour 

None 

Pale 

Red 

• Brown 

Brown 

Black 

Black 

Black 



Yellow 1 

i 





Fluorescence 

None 

None 

(xreen 

j None 

! i 

None 

None 

None 

None 


♦ See text. 


which removes an orange-brown oil with bright-green fluorescence ( y fraction) . 
When the toluene elutriate runs colourless, chloroform is used : this always 
gives two fractions, one easily washed out. Si, while a sharp brown band moves 
down the column slowly, Sg. The flrst extraction was always complete before 
the second elutriate reached the bottom. With higher fractions and residua, 
there still remained material adsorbed on the alumina. This was elutriated 
successively with carbon disulphide and pyridine both of which gave rapid 
and sharp separations (e and C fractions). The chloroform, CSg and pyridine 
fractions were dark resins without fluorescence. Any material insoluble in the 
hexane was named the co fraction. 

Table I shows the fractions obtained by the vacuum distillation of the oil 
while Table II gives the results of the chromatographic fractionation. 

Fig. I shows the composition of the oil together with the chromatographic 
fractionation of the whole undistilled oil. The total a fraction for the fractionated 
oil is too large because it was not realized in dealing with the two most volatile 
fractions how difficult is the separation of the a and p fractions, so that these 
1 
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two a’s are slightly yellow due to some p in them. The colour of the higher 
fractions of the whole oil shows that separation is considerably less sharp, but 
the greatest difference is in the ca fractions. It might be suggested that distil- 
lation has caused polymerization and increased the co fr£iction in the distillation 
residuum, but we do not accept this view. No cracking took place and the 
e and ^ fractions of the whole oil contained much black suspended matter which 
was absent from the corresponding distillate residuum fractions. 

Attempts at chromatographic separation at lo % concentration in hexane 
failed to give the sharp separation obtained at 2 %, judged by colour. 

VENEZUELAN FUEL OIL 


2X 4 X 4 X 



Fig. 1. 

The residuum shows well the dual separation, the horizontal and the vertical. 
The hexane elutriate was evaporated in five successive portions and the residues 
showed progressive increase of viscosity and refr2u:tive index. The p fraction 
was recovered in three fractions whose viscosity also increased greatly. They 
were too viscous for determination of refractive index, but their flow w^as New- 
tonian as was that of the a fractions. 

The fuller characterization of the fractions is being undertaken, but it is 
considered that the sharpness of the separation as judged by colour and supported 
by the evidence of refractive index justifies communication of these early results. 
A residual asphalt from Persian fuel oil gave results very similar to that from the 
Venezuelan oil. Perhaps the most remarkable feature of this work is the 
consistency of fractionation found. It is felt that the method should be of 
the greatest value in studying changes occurring in refinery treatment of oils. 
It also provides a method for determination of wax in residua w^hich is superior 
to any method so far proposed. The wax is all found in the a fraction from 
which it is removed, after evaporation of the hexane, by methyl ethyl ketone. 
The w^ax so recovered from the vacuum distillation residuum of a Persian fuel 
oil had a melting point considerably low^er than those of the distillate waxes. 

This work forms part of certain researches being carried out for Engineer- 
in-Chief, Admiralty. 

The University, 

Sheffield. 




CHROMATOGRAPHY OF THE CARBOXYLIC ACIDS 

By Harold G. Cassidy and F. H. Max Nestler^ 

Received i^th July, 1949. 

The principles and chief methods of application of chromatography as used in the 
separarion of fatty acids are discussed. The applications of elution analysis, frontal 
anal)rsis, displacement analysis and partition chromatography are reviewed, with 
attention to their advantages and disadvantages. 


The separation of mixtures of homologous carboxylic acids into their 
components is difficult. The difficulty is greater as the amount of mixture 
available is smaller, as the mixture is more complex, as the components 
are more closely related and as the analytical requirements are more 
stringent. There is at present no way to separate small amounts of fatty 
acids in mixtures with five or more closely related components with a yield 
of 99 % of each acid. There is much evidence that this is not an impossible 
task, however, and excellent separations approaching this acuity have been 
reported. In this respect chromatography may be used in two ways : as an 
analytical tool which gives information about how many, and which, acids 
are present in the mixture, and how much of each is there ; and as a preparative 
tool, which by the nature of its action goes a step farther and yields all the 
components of the mixture in pure form. 

The second use of chromatography, that for the isolation of the pure fatty 
acids, was the earliest and is still the most important application. There are 
situations, as will be pointed out below, in which the first-mentioned use 
of chromatography is to be chosen. Earlier investigations of the chromato- 
graphic separation of carboxylic acids (fatty acids in these cases) were made 
by Kondo,2 Manunta, ^ Kaufmann,* Cassidy ^ and Caliri.® These investiga- 
tions showed that fatty acids could be separated on a variety of adsorbents 
such as alumina, frankonite, silica gel and charcoal. On the whole the 
separations were only fair. Kaufmann established the versatility of the 
method in extensive applications to saturated and unsaturated fatty acids 
and glycerides ; Cassidy examined the relation between the static isotherms 
given by individual and mixed fatty acids and their chromatographic 
behaviour. The methods, though promising, were often tedious. 

General Aspects of the Chromatographic Method as Applied to the 
Separation of Fatty Acids. — Chromatography is one of the separation 
methods based on a distribution between phases applied in a counter-current 
manner. ^ The distribution involved in chromatography is that between a bulk 
phase and an interfacial phase. In partition chromatography the distribution 
is in some instances between two more or less bulk phases and in others a 
rather complicated distribution involving bulk and interfacial phases. In 
any case the method may be compared with others wffiich involve distribution 

^ Present address. Naval Research Laboratory, Washington 20, D.C. 

® Kondo, Phartn. Soc. Japan, Trans., 1937, 57, 218 

® Manunta, Helv. chim. Acta, 1939, aa, 1156. 

• Kaufmann, Fette Seifen, 1939, 46, 268, and later papers ; Angew, Chem., 1940, 

. 53. 98. 

• Cassidy. Dissertation (Yale, 1939); /. Amer. Chem. Soc,, 19 to, 6 a, 3073, 3076 ; 

1941, 63, 2735. 

• Caliri, Dissertation (Fribourg, 1939)* 

’ Cassidy (submitted for publication). 
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between phases. ® The fundamental fact upon which aU of these distribution 
separations is based is that described by the principle of homology. In the 
case of adsorption this principle is given restricted expression in Traube's 
rule : that the extent of adsorption under certain conditions increases 
regularly along an homologous series. This rule holds well (qualitatively) 
for adsorption from bulk solution to an air-solution interface, and in many 
cases also for adsorption to a solid-solution interface. In other cases a 
reversal of this behaviour is observed, and where the adsorption is more or 
less dependent on the functional group of the molecule, it does not hold at all. 

The rule of Traube may be generalized somewhat: the extent of adsorption 
at a given interface usually changes in a regular manner from one homologue 
to another. The chromatographic separation of fatty acids, or of any other 
substance, rests in part upon this observed behaviour, and where a series of 
well-separated isotherms are observed for a group of homologues then 
chromatographic separation may be feasible. Linner and Gortner® have 
published data on the adsorption of carboxylic acids from water onto Norit 
charcoal. The isotherms of the acids from formic to caproic are well separated, 
and it should be feasible to separate these acids using this adsorbent, unless 
other factors pirevent (see below). The same may be said for the acids n- and 
isobutyric and w- and isovaleric ; and among substituted acids, acetic and 
glycolic ; acetic, glyoxylic and oxalic ; caproic, adipic and citric ; succinic, 
malic and tartaric ; fumaric, succinic and maleic. In other cases the possibility 
of a separation is not so promising. Thus with the dicarboxylic acids from 
malonic to adipic the curves cross, though oxalic is well separated from the 
others ; the propionic and pyruvic curves are fairly close together but well 
separated from glyceric and lactic which are close together ; citraconic and 
itaconic are close together but mesaconic is better adsorbed, and the iso- 
therm well separated from those of the other two, methyl succinic being less 
well adsorbed than the other three. 

While well-separated isotherms imply chromatographic separatibility this 
cannot be the whole story, for otherwise separations on alumina, which in 
equilibrium experiments adsorbs many fatty acids to the same extent, would 
not be possible. But separations on alumina have been carried out, as has 
been mentioned above. Another factor which must be present lies in the 
non-equilibrium nature of the chromatographic adsorption as it is usually 
carried out. Even though two substances may at equilibrium be adsorbed 
to the same extent, yet if they are adsorbed at different rates it is to be 
expected that some separation could be achieved if the chromatography 
were carried out not too slowly. Thus mixtures which under equilibrium 
conditions show no preferential adsorption of one component over the other 
(corresponding, thus, to azeotropes and eutectics in the vapour-liquid and 
solution-solid distributions) should be separable by non-equilibrium chroma- 
tography just as azeotropes and eutectics may be separated, or broken, by 
non-equilibrium evaporation and non-equilibrium crystallization respec- 
tively. Such mixtures have been found in adsorption from some systems in 
which the adsorptions of two substances have been studied over the entire 
concentration range. ^ ® It is to be expected that rates of adsorption would 
change in a regular manner over an homologous series. 

® Randall and Longtin, Ind, Eng. Chem., 1938, 30 , 1063. Cassidy, J. Chem. 
Educ., 1946, 23 , 427; Ann. N.Y. Acad. Sci., 1948, 49 , 143. Thiele, Ind. 
Eng. Chem., 1946, 38 , 646. Benedict, Chem. Eng. Proc., 1947, 43 , 41. 

• Linner and Gortner, J . Physic. Chem., 1935, 39 » 35* 

Very many of these cases are known. For some recent examples see Bartell 
and Lloyd, J. Amer. Chem. Soc., 1938, 60 , 2120, and Rao and Jatkar, Quart. 
J. Indian Inst. Sci., 1942, 5, 73, 80, 87, 91, 98. The correspondence to 
azeotropes and eutectics has been pointed out.'^ 

Cassidy, Federation Proc., 1948, 7, 464. 
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Chromatography is essentially a method of using the adsorption distri- 
bution in a differential counter-current manner. ’ The procedures which are 
now commonly used have been given descriptive names by TiseUus and his 
co-workers, who invented some of them.^^ These procedures are elution 
analysis, frontal analysis, displacement analysis. An additional method of 
a somewhat different sort has been invented and developed by Martin and 
Synge ^ ® and their co-workers : partition chromatography. The application 
of these methods and procedures, together with increased understanding of 
the problems, has improved the separations of carboxylic acids over those 
achieved in the earlier work referred to above. 

Elution Analysis. — The earlier work on the separation of fatty acids cited 
above was carried out largely by elution analysis, the liquid chromatogram 
procedure. ^ ^ Ideally, in elution analysis the zones ^ ® of separated fatty 
acids are made to march from the column in an ordered array, and are 
recognized by titration or by some other method. As stated above the method 
was not very practical as it was developed in the early work ; however, the 
method has the potential advantage that under favourable conditions 
essentially all of each fatty acid component of a mixture could be obtained 
free from contamination, in which case three requirements of analysis could 
be met : the identity of each component and the quantity present in the 
mixture could be determined, also a considerable fraction of the pure sub- 
stance itself could be obtained for further characterization. This method is 
especially applicable to the purification of already separated samples. Thus 
0*67 % of ester could be demonstrated in a sample of mixed acids obtained 
by very careful saponification. ^ ^ The method can probably be applied to 
mixtures of fatty acids using fractional elution with a graded series of 
eluents, a method which has been used considerably in the laboratories of 
Reichstein and of Ruzicka in connection with the chromatography of steroid 
and other mixtures. A little work of this kind has been done with fatty 
acids. ® ^ ® It was observed with fatty acids C 2, C 3 and C 4 that the isotherms 
on Darco G-60 charcoal from water were well separated ; however, elution 
analysis with water failed to yield a good separation of the three binary and 
one ternary mixtures investigated.^® The acids were difficult to elute with 
water. This procedure verges on displacement analysis in certain cases. 

Frontal Analysis.— The examination of mixtures of fatty acids by frontal 
analysis was reported in detail by Clacsson. ^ ’ He reported that by the use 
of a suitable adsorbent, such as Carboraffin CIV, and absolute ethanol, it 
was possible to obtain quantitative analyses of fatty acid mixtures con- 
taining as many as 6 fatty acids. In one experiment which was quoted a 
mixture of the w- C 3, C g, C 1 g, C j 2> ^ 14 , ^1 6 ^^cids was analyzed. The 


Tiselius, in Advances in Colloid Science, cd. E. O. Kraemer (Interscience, 
New York, 1942), p. 8r ; Arkiv Kemi, Min. Geol. A, 1943, No. 18. 

Martin and Synge, Biochem. J 1941, 35, 1358. 

^ ® Zechmeister and Cholnoky, Principles and Practice of Chromatography (Chapman 
and Hall, London ; Jolm Wiley and Sons, New York, 1943). 

There is some tendency to use the word "band" for the zones on columns and 
paper strips and sheets. We believe that this should be discouraged if only 
for the practical reason that the word band is in well-established use in 
connection with absorption of radiation. It would seem clearer and less 
confusing to speak of the characteristic absorption bands observed for a 
component isolated from a characteristic zone on an aifsorption column or 
paper sheet or strip than to use the word " band" in two different connections. 
The word seems particularly inapt in connection with the zones on paper. 

Nestler and Cassidy, J. Amer, Chem. Soc. (in press). This work is part of a 
programme supported by The Nutrition Foundation, Inc. 

Claesson, Arkiv Kemi, Min. Geol. A, 1946, 23, No. i ; Ann. N.Y, Acad. Sci., 
1948, 49 * 183* 
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relative percentages of the components put into the mixture were, respec- 
tively, 10, 10, 10, 20, 20, 30 ; the relative per cent, found were 14, 10, 8, 22, 20, 
27. Only a moderate amount of the mixture was needed, and the author 
states that the method is well suited for the qualitative and quantitative 
analysis of such fatty acid mixtures where the demands for quantitative 
accuracy are not too great. 

Nestler and Cassidy^® studied the adsorption of acetic, propionic and 
butyric acids upon Darco G-60 charcoal from water with a view to devising 
a simple analytical method for these acids, as well as to testing adsorption 
and chromatography theories. With frontal analysis, sharp fronts were 
obtained so that the number of components in the mixture could be clearly 
detected. However, this system did not give clear evidence that really 
quantitative analyses could be made with it. It was observed that the thres- 
hold, or breakthrough, volume for a given fatty acid changed with con- 
centration of the acid, and that the two values could be related by an 
equation of exponential form formally resembling the Freundlich equation. 

Certain practical limitations seem to be set to the acuity of frontal analyses. 
With any mixture the most strongly adsorbed component becomes more 
difficult to detect as its quantity is less or as the total concentration in the 
solvent is less. Increasing the amount of adsorbent is of no practical value 
here. The least strongly adsorbed component can be detected in relatively 
smaller amounts than the most strongly adsorbed. This may be because of 
the displacing effects of other components. Frontal analysis does have 
certain advantages. Under the conditions outlined by Claesson ^ ’ the method 
requires quite small amounts of substance. For example, in one experiment 
with a mixture of four acids about 0-2 g. was used. Also the method is fairly 
rapid. With adsorbents which show some irreversible adsorption the method 
is still applicable where elution or displacement analysis may not be. The 
method is also applicable with adsorbents on which the fatty acids are 
adsorbed to some extent on different parts of the surface, so that they do 
not displace each other. 

Displacement Analysis. — Displacement analysis of saturated fatty acids 
on charcoal was not found possible by Claesson. ^ ’ However, Holman and 
Hagdahl,^® using a somewhat different technique,^® were able to analyze 
mixtures of fatty acids by displacement analysis. For example, they were 
able to separate lauric, myristic, palmitic and stearic acids using picric acid as 
the displacement agent. This work was extended ^ ® to the separation of satur- 
ated fatty acids from C ^ to C 20 ^uid C2 2- The separations were improved by 
using a different charcoal and aqueous alcohol, in which the acids are not 
too soluble. A higher fatty acid was utilized to displace the mixture of lower 
acids. Fifteen charcoals were examined as possible adsorbents, and of several 
of these which had good characteristics Darco G-60 was chosen. Acids 
to C 5 were separated from water, with C ^ as the developer ; C ^ to C ^ q from 
50 % ethanol, with Cjg as developer ; to C^gfrom 65 % ethanol, with 
C 1 4 as developer ; C ^ 4 and C ^ 5 from 80 % ethanol, with C ^ g as developer ; 
C 1 6 to C 2 0 from 78 % ethanol, 22 % chloroform, with C j 2 as developer. The 
displacement analysis of saturated, unsaturated and branched-chain fatty 
acids on silica gel has been reported by Claesson. * ^ 

Displacement analysis is not applicable when the adsorption isotherms of 


Holman and Hagdahl, Arch. Biochem,, 1948, 17, 301. 

Hagdahl, Acta Chem. Scand,, 1948, a, 574. 

Hagdahl and Holman, J. Amer. Chem. Soc. (in press). Holman and Hagdahl, 
J. Biol. Chem. (submitted for publication). The authors kindly permitted us 
to read their manuscripts. 

Claesson, Rec. trav. chim., 1946, 65, 571. 
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the substances are linear.** This has been experimentally demonstrated in 
a clear way by Hf^dahl and Holman.*® They showed that the adsorption 
isotherms of butyric, caproic and caprylic acids are nearly linear from abso- 
lute alcohol onto Darco G-60 charcoal. With this system scarcely any 
separation of the acids is obtained in an attempt to displace the first two 
with the third. In 50 % aqueous ethanol the isotherms are well curved, and 
the displacement diagram shows for the different acids well-defined steps 
which could be recognized interferometrically as well as titrimetrically. 
Displacement analysis is also inapplicable where the substances are adsorbed 
on different parts of the surface of the adsorbent, because then one will not 
displace the other. 

Where it is applicable, displacement analysis has a number of advantages. 
It allows a characterization of the components of the mixture as well as a 
quantitative determination of their amounts (as does frontal analysis) but 
in addition, like elution analysis, it yields substantial fractions of the com- 
ponents in pure form. This can be an important advantage since it allows 
confirmation of the identity of the fatty acid or other component. There is, 
of course, tailing under the steps of the displacement pattern,^® but its 
effect is often of negligible importance. 

Partition Chromatography. — ^This method has been applied to carboxylic 
acids by Smiths *® Ramsey and Patterson,*^ Elsden,*® Isherwood,*® 
Gray,*’ Peterson and Johnson*® and others. It would appear that this is a 
most promising analytical technique for fatty acids as well as dicarboxylic 
and substituted acids. The principle of partition chromatography may be 
applied using columns of adsorbent or paper strips or sheets. Ramsey and 
Patterson found that formic, acetic and propionic acids could be separated 
from each other, with butyric and /^obutyric acids appearing together, when 
their mixtures were applied to columns of silica with water as the non- 
mobile phase, and chloroform-butanol as the mobile. Elsden used a silica- 
water-chloroform system to separate mixtures of acetic, propionic and 
butyric acids. Stadtman and Barker** found that quantitative separation of 
pentanoic, hexanoic and heptanoic acids and partial separation of heptanoic 
and octanoic acids could be obtained by the Elsden procedure using 0*6 % 
butanol in cyclohexane as the mobile solvent and Mallinkrodt's a.r. 
precipitated silicic acid as the support. Peterson and Johnson used Celite 
as the support, and water or aqueous sulphuric acid as the non-mobile phase. 
With benzene or chloroform-butanol mixtures as the mobile phase they were 
able to make separations among the fatty acids from to C^o* every 
case, of course, the mobile and non-mobile phases were mutually saturated. 

Detailed descriptions have been given by Ramsey and Patterson*® of 
techniques whereby the separation of fatty acid mixtures can be extended 
to acids containing as many as 19 carbon atoms. For formic, acetic, propionic 
and butyric acids the second solvent is butanol-chloroform, with water as 
the non-mobile phase. For pentanoic to decanoic acids methanol serves as 
the supported phase, and 2:2: 4-trimethyl pentane as the second phase. 
For the acids from hendecanoic to nonadecanoic the supported phase is a 
mixture of furfuryl alcohol and 2-amino pyridine, and the mobile phase is 

•• Tiselius, Arkiv Kemi, Min, Geol, A, 1943, t6. No. 18. 

*• Smith, Biochem. 1942, 23, P. 

Ramsey and Patterson, J. Ass, Off, Agric, Chem., 1945, 28, 644 ; 1948, 31, 139, 
164. 441. 

•• Elsden, Biochem, 1946, 40, 252. 

Ishenvood, ibid,, 1946, 40, 688. 

* ’ Gray, J. Expt, Biol, 1947, 24, 10. 

Peterson and Johnson, J, Biol, Chem., 1948, 174, 775, 

** Stadtman (personal communication). 
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hexane. But3nic and isobutyric acids which with the first set of solvents 
were not separated were found to be partially resolved by the methanol- 
fso-octane system. 

Concluding Remarks. — ^What has been attempted in the limited space 
taken is to show examples of what has been done, to show what needs to 
be done, and to discuss some of the fundamental principles involved, in 
applying chromatography to the separation of mixtures of carboxylic acids. 

We are indebted to Dr. R. T. Holman and Dr. E. R. Stadtman who read 
and commented on this paper. 

Sterling Chemistry Laboratory, 

Yale University, 

New Haven, 

Connecticut. 


CHROMATOGRAPHIC ANALYSIS OF FATTY OILS 
By K. a. Williams 
Received I2th July, 1949 


The application of chromatography to the analysis of fatty oils is briefly reviewed, 
emphasis being laid on the principles involved. The main advances of the last few 
years are described or referred to, particular reference being made to the separation 
of fatty acids from triglycerides and of hydrocarbons from the unsaponifiable matter 
of natural oils. The use of chromatographic analysis in the separation of the constituent 
molecules of natural oils is described. 


The application of chromatography to the analysis of oils and fats was 
reviewed by the author ^ three years ago in a paper which traced the history 
of the subject and described a number of the practical applications of the 
method. It was emphasized that advances had been based largely on a 
system of trial and error, and that the principles underlying the subject 
were only beginning to be capable of formulation. Such formulation 
seemed to require a knowledge of the relative affinities of adsorbent and 
solvent for any given molecule, for it was rapidly becoming clear that the 
molecule is under the influence of competitive forces, and that their resultant 
determines whether or not adsorption will occur. 

The resultant is moreover influenced by the presence of any other 
compounds which may themselves contribute to the forces acting on the 
adsorbable molecule, enhancing or diminishing their effect as the case may be. 

The fatty oils, fatty acids, fatty alcohols and aliphatic hydrocarbons 
afford a remarkable set of compounds for the study of chromatography. 
They offer series of compounds of similar chemical structure in which the 
variant may be the molecular weight or the degree of unsaturation, or in 
which the effect of the polar carboxy group may be contrasted with that 
of a terminal alcoholic group, or again series in which the effect of esterifi- 
cation may be studied. They provide further interest by reason of the 
extreme difficulties they offer to chemical separation. 

With hydrocarbons, the greater the degree of unsaturation, the more 
strongly is the compound adsorbed ; conjugated double bonds lead to 


^ Williams, Analyst, 1946, 71, 259. 
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greater ease of adsorption than do the same number of double bonds separated 
by a larger number of carbon atoms in the molecule. Thus, of the carotene 
isomers ^ a-carotene, with 10 double bonds out of ii conjugated, has least 
affinity for magnesium oxide ; p-carotene, with ii conjugated double bonds, 
is more strongly adsorbed ; and v-carotene, with 12 double bonds ii of 
which are conjugated, is most strongly adsorbed. The introduction of 
hydroxy groups into the carotenes does not alter the order of adsorption- 
but it is known that it raises the general level of adsorption affinity ; indeed, 
increase in oxygen content, in the absence of ester groupings, progressively 
augments it. Esterification of the xanthophylls or hydroxy-carotenes 
reduces their adsorption affinity almost to that of the carotenes themselves. 

Of the fatty esters, whether of monohydric alcohols, such as methyl 
alcohol, or of polyhydric alcohols, such as glycerol, the more strongly 
unsaturated are the more strongly adsorbed on alumina and other adsorbents. 
Walker and Mills ® succeeded in separating linseed oil into fractions containing 
7, 6, 5 and 4 double bonds per molecule by repeated fractionation on alumi- 
nium oxide from w-hexane. 

If hydroxy groups raise the degree of adsorption, the introduction of 
free carboxy groups has a pronounced effect in a different direction. The 
relative ease of adsorption of fatty acids of differing unsaturation is the reverse 
of that for the corresponding esters, both on alumina and magnesium 
oxide, the more saturated being more strongly adsorbed. This has been 
explained by the author by the postulation of polar charges of differing 
sign and of an adsorbent capable of attracting polar material of either 
positive or negative charge. Double bonds, of negative charge, and occurring 
in molecules otherwise non-polar, are attracted in order of increasing 
unsaturation ; but if the molecules include a terminal group bearing a 
strong positive charge, such as carboxy group, and the operative affinity 
is the algebraic sum of the positive and negative charges, increasing unsatura- 
tion will lead to decreasing affinity if the positive element is large enough. 
If, on the other hand, the positive charge is not so large as the least negative 
charge due to unsaturation, as for instance if the terminal group is alcoholic, 
the algebraic sum will remain negative, and the order of adsorption will 
be the same as for the hydrocarbon series. 

It has been noted that the reversal of the order of adsorption in a series 
of compounds may be brought about by changing the solvent ; here again 
we have an example of the controlling factor being a resultant of more 
than one force or affinity, and there is clear evidence of an attraction between 
solvent and solute. Indeed, the interplay of forces of polar character 
becomes more generally apparent as one widens the field of observation. 
Chromatographic separations clearly depend on the relative strengths of 
attractive forces of given substances for different molecules in solution. 
Equally does the partition coefficient, defining the proportion in which a 
substance distributes itself between two solvents, depend on similar con- 
siderations. And it appears more than likely that solubility in a solvent is 
itself a function of the same forces. 

The separation of fatty acids from triglycerides was readily and quanti- 
tatively accomplished by Sylvester, Ainsworth and Hughes ^ and the method 
has now passed into everyday use by the analyst. It is carried out on a 
macro scale with quantities of at least a gram of ester or acid, and depends 
on the fact that fatty acids are so strongly adsorbed on alumina that they 
cannot be eluted with ether, while fatty esters and the unsaponifiable 

* Heilbron, J. Soc, Chem. Ind., 1937, 5 ®. 160T. 

* Walker and Mills, J. Soc. Chem. Ind., 1942, 61, 125 ; 1043, 6a, 106. 

* Sylvester, Ainsworth and Hughes, Analyst, 1945, 70, 295. 
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matter of fats remains in solution. A single passage of a solution containing 
triglycerides and free fatty acids in ether through an alumina column gives 
quantitative separation. 

Monoglycerides are more strongly adsorbed by alumina than are digly- 
cerides, and the latter in turn are more strongly adsorbed than triglycerides. 
Of the fatty acids themselves, the saturated acids may be separated from 
their mixtures, the higher members of the series being the more strongly 
adsorbed. This separation has been further studied by partition chromato- 
graphy by Ramsey and Patterson.® Dealing with the acids with from 
5 to 10 carbon atoms in the chain, they first prepared chromatographic 
columns of silicic acid nearly saturated with methanol containing bromocresol 
green and slurried with »si)-octane. The acids were dissolved in jso-octane 
and passed through the column, when well-spaced bands were obtained,, 
each being defined by a characteristic threshold value. It was found that 
in one fractionation each band was contaminated with about 5 % of the 
next higher homologue. The authors found that when the method was 
applied to a mixture of but5n’ic and ^'sobutyric acids separation was incom- 
plete, the bands overlapping visibly. A single passage would, however, 
detect about lo % of the iso-acid added to the normal acid or 30 % of the 
normal acid added to the isomer. 

Partition chromatography has also been used by Ramsey and Patterson ® 
for the separation of saturated fatty acids with from ii to 19 carbon atoms 
in the chain. In this work silicic acid was used as the supporting column 
and was prepared by the method of Gordon, Martin and Synge. The 
stationary phase consisted of a solution of 2-aminopyridine in an equal 
weight of purified furfuryl alcohol, 10 ml. solution being used for 20 g. 
silicic acid. The treated silicic acid was made to a slurry with n-hexane 
and packed into a column. The mixture of fatty acids was pipetted onto 
the column and allowed to sink into it under pressure, i ml. hexane was 
similarly pipetted onto the column and allowed to sink in. After a further 
I ml. had been thus added, the tube over the column was filled with hexane. 
After 30 ml. had percolated the liquid passing through was collected in 
2-ml. portions, each of which was titrated with o*02 N sodium ethylate. 
A drop of the titration to about o-i ml. per 2 ml. fraction was taken as 
evidence that a particular fatty acid had finished percolating, and the 
fractions representing that acid were bulked for further examination or 
fractionation. 

Synthetic mixtures of ethyl stearate, oleate, linoleate and linolenate 
have been studied by Dutton and Reinbold.® Dutton had earlier separated 
equal parts of oleic and stearic acids on carbon, recovering 63 % oleic acid 
in a pure state and 53 % stearic acid. In this study the authors, however, 
used alumina, and the columns were developed with a solvent containing 
175 % diethyl ether in light petroleum. Percolation was seeded by means 
of nitrogen pressure. Best fractionation was obtained in the stearate- 
linolenate system, "where there is the greatest difference in unsaturation. 
Poorest fractionation was found in the oleate-stearate, oleate-linoleate and 
linoleate-linolenate systems, where there is least difference in unsaturation. 
In accordance with theory, the authors found that the first component 
eluted from a system was obtained in higher average purity than the second. 
The percentage recovery of the less strongly adsorbed component was usus^y 
of the order of 90, that of the more strongly adsorbed component being 
generally notably lower. 

• Ramsey and Patterson, J. Ass. Off. Agric. Chem., 1948, 31, 164. 

• Ramsey and Patterson, J. Ass. Off. Agric. Chem., 1948, 31, 44. 

’ Gordon, Martin and Synge, Biochem. J., 1943, 37* 79* 

• Dutton and Reinbold, J . Amer. Oil Chem. Soc., 1948, 25, 120. 
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Reinbold and Dutton ^ applied a similar technique to the fractionation 
of soya bean oil and of ethyl esters prepared from the oil. They found a 
variable amount of fractionation, dependent on such factors as the quantity 
of oil adsorbed, the composition of the developing solvent and the activity 
of the adsorbent. Generally speaking, it may be said that the separations 
followed the course that would be predicted from knowledge of other 
similar work. The iodine value of successive fractions obtained from the 
column rose from 6o*8 to a peak value of 184' 6. Linolenic acid could not 
be detected in early fractions, but appeared in a later fraction and then 
continued to rise in quantity as the separation proceeded. 

The use of chromatography has been extended in commercial analysis, 
chiefly in the field of separating hydrocarbons from triglycerides or fatty 
acids. This separation was first noted by Drummond and co-worker 
who separated squalene from the unsaponifiable matter of olive oil by 
chromatographing a solution of the unsaponifiable matter in light petroleum 
on aluminium oxide. The method has been used by the author for the 
removal of hydrocarbons from oxidation and polymerization products in 
the analysis of used turbine oils, and for the determination of adventitious 
mineral oil in wool grease.^ Newberger has worked out a method for the 
direct separation of mineral oil from wool grease without the previous 
separation of the unsaponifiable matter. It is quite clear from very many 
tests in my laboratory that if the unsaponifiable matter extracted from 
2 to 5 g. of a fatty oil is dissolved in about 50 ml. light petroleum (b.p. 
4 o'^-6o° C) and passed through an aluminium oxide column, about 1-5 cm. 
diam. and 20 cm. long, and the column is washed with from 150 to 200 ml. 
light petroleum, the percolate contains only hydrocarbons. By this means 
any quantity of hydrocarbon in excess of about 0‘i % may be separated 
from a fatty oil.^^ 

Adventitious contamination of fatty oils has not been uncommon during 
the last few years. It is probably extremely rare to find any deliberate 
admixture, but accidental admixture is sometimes difficult to prevent. 
Thus, it has happened that on analysis by the method described many 
vegetable oils have been proved to contain mineral oil. In particular, the 
admixture has shown itself in linseed oil, teaseed oil, rapt^seed oil and whale 
oil. The test may be applied to sperm oil, where traces of mineral oil are 
detrimental to the interests of users, and it has been showm that the method 
is as sensitive as for the other oils mentioned. It may be added that the 
residue obtained on evaporating the percolate from the chromatographic 
column has been found, for all the above oils when uncontaminated, to be 
less than o*t % of the weight of oil taken for the test. 

161-165, Rosebery Avenue, 

London, £.C.i. 
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THE APPLICATION OF PARTITION CHROMATOGRAPHY 
TO THE SEPARATION OF THE SUGARS 
AND THEIR DERIVATIVES 

By E. L. Hirst and J. K. N. Jones 
Received 2$th July, 1949 

An account is given of the various applications of chromatography to the separation 
of mixtures of sugars and sugar derivatives. Methods of partition chromatography 
on strips of filter paper and on cellulose columns with automatic devices for collecting 
fractions are described. The uses of special solvents and developing agents (giving 
specific colour reactions) are discussed and methods for quantitative separation and 
determination of sugars on the micro scale are given. A list of Ra values for various 
sugars is included and examples are quoted to show the special values of these methods 
in the investigation of naturally occurring polysaccharides. 


The similarity of the sugars in physical and chemical properties makes 
it difficult to separate them when mixed, and the lack of suitable methods 
for the separation and determination of sugars on a micro scale has delayed 
the progress of many investigations in plant and animal physiology. Earlier 
workers concentrated their efforts on the use of specific precipitants. For 
example, phenylhydrazine has been used to determine mannose in the form 
of its characteristic phenylhydrazone ^ and a solution of benzaldehyde in 
methanolic hydrogen chloride has been employed for the analysis of xylose 
as its dibenzylidene dimethylacetal.^ Colorimetric methods have been 
developed for the estimation of certain sugars and their derivatives. For 
example, Percival and Ross ® have studied the development of colour pro- 
duced during the reaction of alginic acid with carbazole and sulphuric acid 
(the Dische reaction) and have shown that the concentration of alginic acid 
can be determined photometrically. Yet another hne of approach has been 
investigated by Wise ^ and his colleagues, who have used certain micro 
organisms which ferment specifically sugars such as Z)-glucose, Z)-galactose, 
i-arabinose or Z)-xylose, The residual unfermented sugar can then be 
estimated by appropriate methods. 

In 1939 a new approach to the problem of the separation of the sugars 
was made by Reich ® who converted a mixture of glucose and fructose into 
the corresponding coloured ^-phenylazobenzoyl derivatives and showed that 
their separation could be observed visually by chromatography on a column 
of silica or alumina. Since the description of these experiments many workers 
have utilized the principle of adsorption chromatography for the separation 
of the sugars and related substances. This method of separation was utilized 
by Myrback and Tamm,® by Freudenberg and Boppel,’ by Mertzweiler, 
Carney and Farley ® and by Coleman ® to separate the ^-phenylazo- 

^ Bertrand, Compt. rend., 1899, 1025. Nowotowna, Biochem. J., 1936, 30, 2177. 

^ Breddy and Jones, J. Chem. Soc., 1945, 738. 

® Cameron, Ross and Percival, J. Soc. Chem. Ind., 1948, 67, 161. 

* Wise and Appling, l 7 id. Eng. Chem. (Anal.), 1944, 16, 28. Appling, Ratcliff and 

Wise, Ind. Eng. Chem. (Anal.), 1947, 19, 496. 

® Reich, Biochem. J,, 1939, 33, 1000. 

•Myrback and Tamm, Svensk Kem Tidskr., 1941, 53, 441. 

’ Freuden^rg and Boppel, Ber., 1940, 73, 609. 

• Mertzweiler, Carney and Farley, J. Amer, Chem. Soc., 1943, 65, 2367. 

•Coleman, J. Amer. Chem. Soc., 1942, 64. 1501. 
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benzoyl derivatives of the fully and partially methylated sugars. Alumina 
was used as the adsorbent in these experiments, and the work was extended 
by Coleman, Famham and Miller,^® Coleman et and Hurd and 
Zelinsky,^* who employed similar methods for the separation of simple 
mixtures of the mono- and di-saccharides. Boissonas has described yet 
another method for the separation of small quantities of the methylated 
sugars. They were first hydrogenated to the corresponding hexitol deriva- 
tives, and then separated on a column of alumina after conversion to the 
^-phenylazobenzoates, difficulties due to the presence of the different ring 
forms of the sugars being thus avoided. 

McNeely, Binkley and Wolfrom have used Magnesol, a hydrated mag- 
nesium silicate, as an adsorbent for the separation of mixtures of the sugar 
acetates. Since these substances are colourless it is necessary to extrude 
the column of Magnesol and locate the position of the sugar derivatives by 
streaking the side of the column with permanganate solution (the Zecli- 
ineister bnish technkjue). Lew, Wolfrom and Goepp applied this procedure 
to the chromatography of unsubstituted sugars and related compounds on 
a type of fuller’s earth, and the method has been utilized to separate the 
components of cane juice, black strap molasses, the degradation products of 
streptomycin and many other mixtures of sugars. Using hydrated calcium 
acid silicate and a similar technique, Georges, Bower and Wolfrom were 
able to separate mixtures of sugar acetates and of methylated sugars. 

The chromatographic separation of starch into its components, amylose 
and amylopectin, has been achieved by Pacsu and Muller and by Ashford, 
Evans and Hibbert who have confirmed the earlier results of Tanret.^® 
Levi 2® has shown that polysaccharides can be separated on adsorbents such 
as magnesium oxide and calcium carbonate. Glycogen is easily separated, 
since it is not eluted by hot water and is located on the column by its white 
fluorescence. Inulin, on the other hand, shows a blue fluorescence. Mark 
and Saito have ust.'d chromatography to fractionate the acetates of cellulose 
making use of the observation that materials of lower molecular weight were 
adsorbed more tenaciously than those of high molecular w^eight. Dickey 
und Wolfrom 22 separated the products of acetolysis of cellulose by chroma- 
tography on Silene E.F. and Magnesol, derivatives of glucose, cellobiose and 
cellotriose being isolated. 

Tiselius,^^ and Tiselius and Hahn have utilized the principle of the 
flowing chromatogram to separate complex mixtures of sugars. A 0*5 % 
aqueous solution of ephedrine was used to develop the sugars adsorbed on 
a column of activated carbon. The elution and separation of the sugars was 
followed by observing the change in refractive index of the eluate. The 
temperature of the entire apparatus was thermostatically controlled to 
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avoid intermixing of the layers of separated sugar solutions. A similar 
procedure was used by Claesson,*® who showed that synthetic polymers, 
and derivatives of cellulose such as the nitrate, can be fractionated by 
chromatography. In the course of this work it was found that with carbon 
as adsorbent substances of high and low molecular weight were adsorbed less 
tenaciously than those fractions of intermediate molecular weight. 

Trimethyl and tetramethyl methylglucosides have been separated on a 
column of alumina using a flowing chromatogram.^^ The glycosides were 
developed with a mixture of ether and light petroleum and the eluate tested 
for the presence of carbohydrate by the Molisch reagent. A partial separa- 
tion of the trimethyl derivatives of methyl xyloside and methyl arabinoside 
was also obtained. Norberg, Auerbach and Hixon observed that 2 : 3- 
dimethyl-, 2:3: 6-trimethyl- and 2:3:4: 6-tetramethyl-glucose could be 
separated one from another by adsorption chromatography on activated 
fibrous alumina, using acetone-benzene mixture as developer. The position 
of the sugars on the column was detected by their fluorescence in ultra-violet 
light. 

With the introduction of partition chromatography {1941) a further 
method for the separation of the sugars became available. Bell,®® who was 
the first (1944) to apply this new procedure, showed that 2:3:4: 6-tetra- 
methyl glucose and 2:3: 6-trimethyl glucose could be separated from one 
another and from 2 : 3-dimethyl glucose by partition chromatography on 
a column of silica gel with water as the stationary phase, using first chloro- 
form and then chloroform-w-butanol as the mobile phase. The tetramethyl 
glucose travelled rapidly through the column when chloroform was used 
as eluant, the trimethyl and dimethyl glucose remaining at the top ; on 
changing the solvent to chloroform-«-butanol, the trimethyl glucose moved 
through the column and appeared in the eluate. The position of the dimethyl 
glucose which remained on the column was then determined by extrusion 
and streaking with Molisch reagent. 

A further advance came with the application of paper partition chroma- 
tography to the analysis of complex mixtures of simple sugars, since this 
method enables detailed studies of the composition of complex polysacchar- 
ides to be performed using only minute amounts of material. Originally, 
the method of paper partition chromatography was developed by Consden, 
Gordon and Martin for the analysis of protein and peptide hydrolyzates, 
but in 1946 it was applied by Partridge to the separation of the sugars. It 
was shown that very small quantities {ca 10 |xg.) of sugar mixtures could 
be separated, and their components identified, by virtue of the difference in 
partition of the sugars between water held by the cellulose fibres of the 
paper (the stationary phase) and a solvent such as butanol saturated with 
water (the mobile phase). The procedure consists in placing a spot of a sugar 
solution near the top of a sheet or strip of filter paper, the top of which is 
immersed in a suitable solvent mixture contained in a trough. The trough 
and paper are then placed in a container so that the paper hangs vertically 
from the trough, and the atmosphere which surrounds it is saturated with the 
vapour of the solvents and with water vapour. The solvent is then allowed 
to advance down the paper until the horizontal front reaches the bottom, 
when the paper is removed and dried. The sugars are identified by the rate 

••Claesson, Chem. Soc. Discussion on Chromatography, 1948; Ann. N.Y. Acad. Sci., 
1948, 49, 183. 

Jones, J, Chem. Soc., 1944, 333. 
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TABLE I 

SOLVENT-W-BUTANOL 50 PARTS, ETHANOL IO PARTS, WATER 40 PARTS (TOP LAYER) 


Substance 

Ra value 

Substance 

Ra value 

Kaffinose 

0‘00I 

2 : 4 -dimethyl galactose 

0*41 

Lactose , . 

o*oi6 

4 : 6-dimethyl galactose 

0*42 

Maltose . . 

0*021 

2-deoxy ribose, 2 : 6-dimethyl- 


Sucrose 

0*03 

galactose 

0*44 

D-gluco-L -^fl/a-octose 

0*038 

4 : 6-dimethyl glucose 

0*46 

D-gulO'L-ga/a-heptose 

0*050 

2 -methyl fucose . . \ 

0*51 

D-gluco-D-^w/o-heptose 

0*053 

3 : 6-dimethyl glucose / 

i^-manno-i)-/^a/a-heptose 

0*058 

3 : 4-dimethyl glucose \ 

0*52 

D-gala-L~g/Mco-heptose 

0*064 

4 : 6-dimethyl altrose / 

Turanose 

0*060 

2 : 3-dimethyl mannose 

0*54 

Galactose 

0*070 

2 : 3 -dimethyl glucose 

Z)-gluco-L~/a/o-octose . . 

0*082 

4-methyl rhamnose . . V 

0-57 

Glucose . . 

0*090 

4 : 6-dimethyl mannose J 


Sorbose . . 

0*10 

3 : 4-dimethyl mannose 

0*58 

Mannose, manno-heptulose 


3 -methyl quinovose . . 

0*60 

D-gala-L-mawMo-heptose V 

0*1 1 

3 : 4-dimethyl fructose 

0*61 

Z)-gulo-L-/a/o-heptose J 


2-deoxy rhamnose . . / 

Fructose, Gluco-heptulose \ 

0*12 

2 : 3-dimethyl arabinose \ 

0*64 

Gulose, Arabinose, Tagatose/ 

2:3: 4-trimethyl galactose j 

Xylose . . 

0-15 

2 : 4-dimethyl xylose 

0*66 

4 -methyl galactose 

o*i6 

2:4; 6-trimelhyl galactose . . 

0*67 

Altrose . . 

0*17 

3-methyl altromethylose 

0*68 

Idose, 6-methyl galactose . . i 

o*i8 

2:3: 6-trimethyl galactose. . 

0*71 

Talose, Lyxose . . . , 

0*19 

2 : 3 -dimethyl xylose 

0*74 

Ribose, Fucose 

0*21 

2:4: 6-trimethyl glucose . . 

0*76 

2-methyl glucose 

0*22 

3:4: 6-trimethyl mannose . . 

0*79 

2 -methyl galactose . . . . 

0*23 

2:3: 6-trimethyl mannose . . j 

o*8i 

Riboketosc, Apiose, 2-deoxy- 


2:3: 6-trimcthyl glucose \ 

0*83 

galactose . . . . . . 

0*25 

1:3: 4 -trimethyl fructose / 

3-methyl glucose . . 'X \ 

0*26 

3 : 4-dimethyl rhamnose 

0*84 

Xyloketose . . . . / 

2:3: 4-trimethyl glucose . . 

0*85 

6-methyl glucose 

0*27 

3:4: 6-trimethyl fructose . . 

0*86 

Quinovose . . . , . . 

0*28 ; 

Cymarose 

0*87 

Rhamnose . . . . \ 

0*30 

Olcandrose, 2:3:4: 6-tetra- 


a-methyl mannoside . . / 

methyl galactose . . 

0*88 

3 : 4-dimethyl galactose | 


Tetramethyl fructopyranose 

0*90 

4-methyl mannose . . > 

0*32 

2:3: 4-trimethyl xylose 

0*94 

p-methyl arabinoside J 


2:3: 5-trimethyl arabinose . . 

0*95 

2-deoxy allose 

0*33 

2:3:4: 6-tetramethyl man- 


2-methyl p-methyl altroside. . 

0*34 

nose . . 

0*96 

Rhamnoketose, 3 : 6-anhydro- 


2:3:4: 6-tetramethyl glucose 

1*00 

glucose, talo methylose 

0*37 1 

2:3:5: 6-tetramethyl glu- "I 


2 -methyl xylose, 2 -methyl ara- 

1 

cose . . . . . . 1 


binose 

0*38 

2:3: 4 -trimethyl rhamnose ^ 
1:3:4: 6-tetramethyl fruc- I 

4 *rf*^of» 1 

1*01 


The rates of movement {Rq values) of the methylated sugars are determined by 
dividing the distance the sugars have moved from the starting line by the distance 
moved by tetramethyl glucopyranose (Ro = i) under the same conditions. For the 
unsubstituted sugars it is convenient to use rhamnose as standard. A sugar cannot 
always be identified with certainty by this procedure alone, since a number of the 
methylated sugars travel to the same or similar position on the paper chromatogram 
and the Rq vsdues are not exactly reproducible, but alter slightly with variations in 
apparatus and conditions. We have found, for example, that these values vary slightly 
from one apparatus (enclosed in a bell jar) to another (enclosed in a tank). Identification 
can be facilitated, however, by using several standards and calculating the Rq value of 
the unknown sugar from that of the nearest known sugar on the chromatogram. 
Wherever possible, the rate of movement of the unknown sugar should be compared 
on the same chromatogram, with that of a known specimen. 
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at which they move under standard conditions down the face of the paper 
(see Table 1 ) (Partridge, loc, cit, Brown, Hirst, Hough. Jones and Wadman,** 
Hirst, Hough and Jones, Jermyn and Isherwood The positions of the 
reducing sugars are readily detected by the reduction of ammoniacal silver 
nitrate (Partridge) or by the colours developed with aniline hydrogen 
phthalate or o-dinitrobenzene and alkali. They may also be detected and 
in some cases identified by the colours produced on warming with reagents 
such as trichloracetic acid and aniline, a-naphthylamine, diphenylamine, 
dimethylaniline, o-anisidine, o-toluidine, a-naphthylamine 6 : 8-disulphonic 
acid or urea. For example, diphenylamine serves to differentiate between 
trimethyl xylopyxanose, which gives an intense mauve colour, and trimethyl 
arabofuranose, which gives a pale green. Urea gives a black colour only 
with ketoses. Observation of the colours and examination of their fluorescence 
under ultra-violet light helps to differentiate between various sugars and 
their derivatives and this procedure is of particular value in the examination 
of mixtures of methylated sugars (Hough, Jones and Wadman Forsyth 
has used a naphtharesorcinol and hydrochloric acid spray ; m-phenylene 
diamine and benzidine have also been used. The identification of the 
sugars is, in some cases, facilitated by an examination of the pattern of 
sugars produced after epimerization of the unknown sugar with lime water 
and examination of the products on the paper chromatogram (Hough, 
Jones, and Wadman ®®). 

The separation of sugars by partition chromatography was later used as 
the basis of a method for the quantitative separation and estimation of the 
sugars.^^ Providing the separation of the sugars is complete, an oxidizing 
agent that will deal with micro quantities serves for the estimation of each 
of the components. In order to obtain measurable quantities of sugar, a 
number of spots of the sugar solution are placed on a line drawn parallel to 
and about 4 in. from the edge of a sheet of Whatman No. i filter paper. The 
sugars are then separated in the manner described above. The positions of 
the separated sugars are then determined by cutting narrow strips from the 
sides and centre of the dried paper, spraying them with a suitable reagent and 
heating. By reference to the sprayed strips, it is possible to cut the paper 
into areas, each of which contains one of the separated sugar components. 
The sugars (ca. o-i-i-o mg.) are extracted with water in a micro Soxhlet 
apparatus and are then estimated with either Somogyi’s micro copper 
reagent,^® with sodium hypoiodite, or with sodium periodate solution. 
This method has recently been extended to the separation and determination 
of mixtures of the methylated sugars (Hirst, Hough and Jones ^) (see 
Table II). Hawthorne has used a similar method *to separate and deter- 
mine even smaller quantities (40-100 (zg.) of sugars. In this instance the 
sugar solutions (4*0 pi.) were placed on the paper by means of an accurately 
calibrated micropipette. After separation the sugars were collected in caps 


Brown, Hirst, Hough, Jones and Wadinan, Nature, 1948, i6i, 720. 

Hirst, Hough and Jones, J. Chem. Soc., 1949, 928. 

Jermyn and Isherwood, Biochem. J 1949, 44, 402. 

Partridge, Nature, 1949, 164, 443. 

Hough, Jones and Wadman (in press). 

Hough, Jones and Wadman (in press). 

Forsyth, Nature, 1948, 161, 239, 

Chargaff, Levine and Green, J. Biol. Chem., 1948, 175, 67. 

Horrocks, Nature, 1949, 164, 444. 

** Hough, Jones and Wadman (unpublished results). 

*• Flood, Hirst and Jones, Nature, 1947, ^^5 I J ' Chem. Soc., 1948, r 679 ‘ 

Hawthorne, Nature, 1947, 714- 

Somogyi, J. Biol. Chem., 1945, 160, 61. 

Hirst and Jones, J. Chem. Soc., 1949, 1659. 



E. L. HIRST AND J. K. N. JONES 


273 


cut in parafiin wax and determined by the method of Linderstr0m-Lang 
and Holter,^^ In another procedure,^ the area of the spots produced on 
spraying the sugars on the paper with Tollens reagent was determined and^ 
by comparison with standards, the amount of sugar estimated. 

Separation of the sugars on a micro scale by partition chromatography 
often facilitates their identification, but the method will not differentiate 
between the D and L stereo-isomers of the same sugar. To overcome this 
difficulty larger quantities of material are necessary and Hough, Jones and 
Wadman devised an automatic apparatus with the aid of which mixtures 
of simple sugars can be separated on a semi-micro scale on a column of cellu- 
lose using solvents such as w-butanol -water mixture, isopropyl alcohol-water, 
acetone-water or ethanol. In this procedure, the mixture of sugars to be 
analyzed is placed on top of a column of cellulose, which has been treated 

TABLE II 

% OF StJGARs (calculated AS Hexosan, Methyl Pentosan and Pentosan 
respectively) Produced after Hydrolysis with Boiling N Sulphuric Acid 

FOR 5 HR. 


Polysaccharide 

Geilactose 

Arabinose 

Xylose 

Rhamnose 

Larch e-Galactan 


82-1 

10*6 

— 

— 

Damson Gum 

Cherry Gum (Pruniis avium 

from 

30-8 

21-8 

37-9 

48*0 

4-9 

3-3(?) 

Italy) . . 

. 

5*5 

-f 

Cherry Gum (from a double white 





ornamental variety) 

Peach Gum (from Italy) 

(Prunus 

24*0 

48*8 

3-6 

+ 

persica) 


37-8 

38-6 

13-8 

ca. 5 


(ilucose derivatives 

. 


Polysaccharide i 

1 ^ : 3 
j trimethyl 

1 2 : 3-di- 
1 methyl 

1 ? : 6-di- 
j methyl 

mono- 

methyl 

Methylated Waxy Maize j 
Starch . . . . j 

Methylated rabbit liver | 

4-2 

8o*o 

i 

j 4*0 

i 

, 10*0 

1-3 

Glycogen . . . . ^ 

8.7 

• 69-0 

8.9 

j 10*8 

2-4 


For details of the procedure used in the analysis of polysaccharides and their methy- 
lated derivatives, see ref. 


previously with the developing solvent. The solvent is allowed to percolate 
down the column and the eluate is collected in an apparatus which 
changes the receiv(T automatically at predetermined intervals. The 
apparatus is designed so that the time intervals may be varied at will 
and so that four columns can be operated per turntable. In the present 
design of apparatus, the control unit will operate three tables simul- 
taneously at different speeds, so that no less than twelve analyses can be 
carried out at one and the same time. Some flexibility is necessary as 
the rate of flow of solvent through the columns of cellulose varies with 
the size and density of packing of the column and with the solvent used. 

** Linderstrom-Lang and Holier, CM. Lab. Carlsberg, 1933, * 9 * No. 14. 

Fisher, I’arsons and Morrison, Nature, 1948, 161, 764. 

Hough, Jones and Wadman, Nature, 1948, 16a, 448. 

** Campbell, Hirst and Jones, J. Chem. Soc., 1948, 774. 

Hirst and Jones, J. them. Soc., 1938, 1174. 

Jones, J. Chem. Soc., 1939, 558. 
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In this manner, a large number of fractions of eluate are collected. 
Spots of the eluate from each fraction are then placed in chronological 
order on the starting line of a sheet filter paper chromatogram, and the 
sugars are separated on the paper in the usu^ way. After drying, their 
positions are shown by spraying the paper with a suitable reagent, and then 
heating it. The degree of separation is thereby ascertained and the tubes 
which contain pure sugars can be selected. Since the composition of mixed 
intermediate fractions can be determined, a complete analysis of the mixture 
can be effected. In a similar way, mixtures of the methylated derivatives of 
sugars may be separated and identified.^® For such mixtures the solvent 
w-butanol-water is useful for the separation of sugars containing less than 
40 % of methoxyl groups and w-butanol-light petroleum (b.p. ioo®">i20°) is 
preferable for the separation of sugars having a value of OMe greater than 
40 %. In some instances, separation of the hydrolysis products of a methy- 
lated gum has led to the isolation of small fractions of unknown constitution. 
The identification of such fractions has been facilitated by demethylation 
with hydrobromic acid and subsequent analysis of the sugars produced on a 
sheet paper chromatogram. Tetramethyl glucose is readily converted into 
glucose, trimethyl xylose into xylose and 2 : 6-dimethyl galactose is converted 
into galactose by this procedure. Fructose derivatives, however, are 
destroyed. 

Separation on a cellulose column has led to the isolation of D-tagatose, 
D-galactose and L-rhamnose from the mixture of sugars produced on 
hydrolysis of Sterculia setigera gum, and to the isolation of pure specimens 
of £)-quinovose, U-fucose, D-glucose and an unknown sugar from the hydro- 
lysis products of convulvulinic acid.®^ Formose,®* the mixture of sugars 
produced on heating formalin with calcium carbonate, has been shown 
to contain at least six sugars, some of which are ketopentoses in addition 
to material of higher and lower molecular weight. 

The uronic acids and their derivatives may also be separated on a column 
of cellulose, a mixture of w-butanol, glacial acetic acid, w-butyl acetate and 
water being employed as the mobile phase. The aniline-trichloroacetic acid 
reagent gives a deep red colour with the methylated derivatives of uronic 
acids. 

The examples given are sufficient to indicate that problems involving the 
separation and determination of sugars have been very greatly facilitated 
by the use of partition chromatography and these new techniques which are 
applicable on the micro scale provide a powerful and much-needed weapon 
for an attack on many biochemical problems. 

The University, Edinburgh, 

The University, Bristol, 

Hough, Jones and Wadman, J. Chem. Soc., 1949, 2511. 

Hess and Neumann, Ber., 1935, 68, 1371. Araki and Hasi, /. Chem, Soc., Japan, 
1939. 60, 774 (cf. A.C.S. Abstr., 1942, 36, 4483, 5146). 

Hirst, Hough and Jones, Nature, 1949, 163, 177. 

Jones and Stacey (unpublished). 

®*von Euler, Ber., 1906, 39, 39, 48. 

Byers and Jones (unpublished). 
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THE EFFECT OF SALT CONCENTRATION AND pH ON THE 
ADSORPTION OF PROTEINS TO SILICA GEL 

By Charles C. Shepard * and Arne Tiselius 

Received 22nd July, 1949 


The adsorption of an ovalbumin and a serum albumin preparation on silica gel was 
dependent upon the salt concentration, and increasing ionic strength in the range of 
0*025 to 3 resulted in increased adsorption. The adsorption of two globulin preparations 
was not so dependent on salt concentration, and the immune globulin showed maximal 
adsorption at all salt concentrations studied. The adsorption of all the preparations 
appeared to reach approximately the same maximal values. 

The adsorption of the ovalbumin and the immune globulin was also dependent upon 
the pH, the ovalbumin demonstrating maximal adsorption at pH 4-0 and 5*0, decreasing 
adsorption at pH 6*o, and little if any at pH 7*0, 7*5, and 8*3, while the immune globulin 
exhibited maximal adsorption from pH 4*0 to 7*5 and decreased adsorption only 
at pH 8*3. These results were obtained at an ionic strength of o*i. 

Chromatography of proteins in columns of silica gel and Supercel showed that the 
serum albumin and immune globulin could be distinctly separated in a solvent of sodium 
phosphate at pH 7*0 and an ionic strength of o*i. In chromatograms of human serum 
under these conditions albumin and globulin were distinctly separated. 

Several other substances were studied for their ability to adsorb protein. Although 
“ salting-out " adsorption in paper strips chromatograms was demonstrable, the 
adsorption by paper in batch experiments was not detectable. Although potato starch 
manimsted adsorption of acid dyes, no adsorption of proteins could be shown. No 
adsorption of proteins was seen on aluminium hydroxide, but weak adsorption was 
observed on Supercel and with carbon adsorption was stronger than with silica gel. 


The investigation of proteins has depended much upon the analytical 
procedure available. Chromatographic analysis has provided much help in 
the study of other substances, for example, the amino acids, yet the applica- 
tion of chromatography to protein has not been extensive. That proteins 
are adsorbed from aqueous solutions onto various solids is well known, and 
the phenomenon is frequently made use of in batch operations in purification 
procedures. The solution is shaken with a certain amount of finely divided 
adsorbent and the adsorbent removed by filtration or sedimentation. Usually 
conditions are arranged so that it is contaminating protein which is adsorbed 
and the substance to be purified remains in solution, since elution of adsorbed 
protein is frequently difficult and may require the use of solvents which are 
injurious to the protein. However, such batch adsorptions do not lend 
themselves easily to analytical work and the advantages of chromatographic 
analysis are not made use of. 

Another approach to the problem was indicated by Tiselius who described 

salting-out adsorption and showed that the presence of salts, such as 
ammonium sulphate and potassium phosphate, promoted the adsorption 
of certain proteins and acid dyes onto silica gel and paper. ^ The importance 


^ Tiselius, Arhiv Kemi, Min. Geol, B, 1948, 26, No. i. 

♦Address after ist November, 1949: National Institutes of Health, Bethesda, 
Maryland. 


275 



276 THE CHROMATOGRAPHY OF PROTEINS 

of salt concentration was shown by examples where adsorption was marked 
in the presence of salts even though little or no adsorption could be 
demonstrated in their absence. In the present paper this work has been 
extended and some of the factors affecting adsorption have been investigated. 
Some chromatographic analyses are reported. 

Experimental 

In general, two experimental approaches were employed. In the first, batch 
experiments were done in which solutions were mixed with an adsorbent until 
adsorption appeared complete, the adsorbent removed by centrifugation or 
filtration and the protein concentration determined in the remaining solution. 
The concentration of protein was measured by determining its optical density 
in a Beckman spectrophotometer at 278 m^. This method of measurement 
imposed certain precautions because the optical density values obtained at this 
wavelength are increased by the presence of finely divided particulate matter. 
Since it was desirable to have the adsorbent in a finely divided state in order 
to promote adsorption, it was necessary to employ procedures which removed 
the adsorbent etficiently. Another source of suspended material was found in 
experiments where shaking was done in too vigorously a fashion and caused 
some denaturation to take place, so that a finely divided suspension of insoluble 
protein resulted. This last source of difficulty could be avoided by carrying 
out adsorption in flasks which were rotated so that the fluid travelled around the 
bottom of the flask and kept the adsorbent well suspended but yet no foaming 
or bubble formation took place. Spectrophotomctric measurements were done 
at 320, 278 and 260 mjx with water in the control cell. Non-specific optical 
adsorption revealed itself by increased values at 320 and 260 m(x. A ratio 
between the optical densities at 260 and 278 mjx of less than 0-7 was observed 
with all clear protein preparations before adsorption. With adsorbed prepara- 
tions such a ratio indicated satisfactory conditions and was always obtained 
except at times when very little protein remained in solution. 

Shaking was carried out for 30 min. since it was observed that absorption was 
nearly complete at this time. In one experiment with the serum albumin at 
0*1 %, pH 7*7 and jx (ionic strength) = 0-125, “the amount of protein absorbed 
after 5, 15, 30, 60 and 120 min. was 27, 30, 32, 33 to 35 %, respectively. 

The second general approach employed, anti the one toward which the batch 
experiments were directed, was chromatographic analysis in columns. Appro- 
priate solutions were passed through a column of adsorbent contained in filters 
which were essentially the same as those described by Claesson 2 but were made 
of Perspex instead c^f metal. The filters have dimensions which give them 
satisfactory height /diameter ratios and their volumes arc arranged to be multiples 
of TT. Thus a filter whose volume is said to be 250 tt has a volume of 250 tt mm.**. 
The effluent was collected in a fraction collector designed by Claesson 
(unpublished). With this fraction collector the effluent drains into a container 
which, when filled, siphons into a test-tube, where the weight of the fluid actuates 
a wheel which carries a new tube into position below the siphon. With the 
siphon used the volume drained was about 3^ ml., but the variation between 
successive drainings was several tenths of a millilitre. This variation affects 
the results presented in the charted chromatographic analyses by giving some 
uncertainty to the abscissa value, which is not important in the work here 
presented. For details on the theory and practice of chromatography as it is 
carried out here the reader is referred to two reviews. 2 s 

Most of the protein preparations used were obtained through the courtesy 
of Dr, K. O. Pedersen. The immune serum globulin was from humans and was. 
an American commercial product which had been prepared by alcohol fractiona- 
tion. The serum globulin was a bovine product obtained by precipitation at 
neutral reaction at ammonium sulphate concentration between 35 % and 45 %. 
saturation. The serum albumin was also a bovine product and was obtained by 
precipitation with neutral ammonium sulphate at greater than 60 % saturation. 

* Claesson, Arkiv Kemi, Min. Geol. A, 1946, 33, No. i. 

* liselius. Advances in Protein Chemistry, 1947, 3, 67. 
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The ovalbumin was a thrice-crystallized product. All experiments were carried 
out at room temperature, which varied from 19^-22° C. 

Results 

Silica Gel as Adsorbent. — Before efforts were concentrated on silica gel, 
some attempts were made to chromatograph serum proteins in paper strips. 
Adsorption could be demonstrated when salt concentrations close to salting- 
out concentration were employed with protein concentration of about o-i %. 
However, it was difficult to work with lower concentration of protein because, 
after the spreading which always occurred, the boundaries were not clearly visible 
with the tests used to detect protein, which were the nitrosonaphthol test for 
tyrosine and bromphenol blue test,^ both modified for use on paper. Several 
adsorbents were then compared and it was observed that although salting-out 
adsorption of acid dyes occurred on starch, salting-out adsorption of protein 
was weak on this adsorbent. However, adsorption of proteins proved to be 
strong on silica gel. 

Preparation of Silica Gel. — A number of samples of silica gel from different 
manufacturers were investigated, using the coloured protein phycoerythrin. 
It was found that there was considerable variation between samples but that 
the chief reason for the variation lay in their alkalinity or acidity. The samples 
which were strongly alkaline adsorbed phycoerythrin poorly even in the presence 
of 0-5 M ammonium sulphate, while those which were strongly acid adsorbed 
strongly even in the absence of ammonium sulphate. Other samples of inter- 
mediate reaction adsorbed phycoerythrin only in the presence of ammonium 
sulphate. Accordingly an available silica gel (acid silicic, powd.. Bakers’ 
Analyzed) which appeared satisfactory was selected and used for the rest of the 
experiments. It was also found that additional grinding increased the speed 
of absorption. The following method of preparation was adopted and followed 
for the work hereafter described. The silica gel was ground wet in a ball mill 
for «S to 16 hr., suspended in five to ten times its volume of water and allowed 
to settle overnight. It was then re-suspended in water and the reaction of the 
suspension adjusted to approximate neutrality with sodium hydroxide. The 
silica gel was washed until the supernatant was nearly clear by allowing it to settle 
12 to 24 hr. and decanting the supernatant. The largest particles were eliminated 
by discarding the sediment which settled in about J hr. From such stock 
suspensions lots for particular experiments were prepared by suspending an 
amount of silica gel in the buffer which was to be used, adjusting to the pH 
desired by the addition of sodium hydroxide or hydrochloric acid, and washing 
the silica gel three or four times by centrifugal sedimentation and re-suspension 
in fresh buffer, the final sediment being dried by pressing between filter papers 
and drying at 105'^ overnight. The resulting dry powder appeared to be stable 
in that no change in adsorptive properties was observed during the course of 
several months. 

Effect of Salt Concentration on Adsorption of Proteins. — The effect 
of salt concentration was investigated with the results which are summarized 
ill Fig. I. These results were obtained in batch experiments in which 5 ml. 
solution were mixed for 30 min. with 100 mg. sihea gel washed in the buffer and 
dried as described above. The same solutions to which no silica gel was added 
served as control, and the amount of adsorption was determined by subtracting 
the optical density at 278 mp of the adsorbed solution from the control solution. 
In order to regulate the pH, all solutions contained sodium phosphate buffer 
with a ratio of 27/19 of disodium to monosodium phosphate. At p — o*i this 
buffer gives a pH of 6-99. The sodium chloride and sodium sulphate solutions 
were neutral before the addition of sodium phosphate. 

All solutions contained enough phosphate buffer to give an ionic strength of 
o i except the three shown at the far left in Fig. i, whose ionic strengths were 
0 025. The solutions witli ionic strengths greater than o-i were obtained by 
adding sodium chloride or sodium sulphate to the sodium phosphate so that the 
total ionic strengths were those indicated. 


* Feigl, Qualitative Analysis &y Spot Tests (New York, 1947). 
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The eight salt solutions used had the following salt compositions : (i) o-ooi M 
monosodium phosphate -f o*oo8 M disodium phosphate, (2) 0*004 M monosodium 
phosphate + 0*032 M disodium phosphate, (3) 0*25 M sodium chloride -f* 0*004 M^ 
monosodium phosphate -f 0*032 M disodium phosphate, (4) 0*10 M sodium 
sulphate 4- 0*004 M monosodium phosphate -f- 0*032 M disodium phosphate, 
(5) 0*25 M sodium sulphate + 0*004 M monosodium phosphate -f 0*032 M 
disodium phosphate, (6) 0*50 M sodium sulphate + 0*004 M monosodium phos- 
phate 4- 0 032 M disodium phosphate, (7) 0*75 M sodium sulphate 4’ 0 004 M 
monosodium phosphate 4- 0*032 M disodium phosphate and (8) 1*0 M sodium 
sulphate 4- 0*004 M monosodium phosphate 4* 0*032 M disodium phosphate. 

The silica gel was removed from the adsorption mixtures by two centrifugations. 
The controls were also centrifuged. It will be seen by examination of Fig. i 
that the effect of the salt concentration depends on the protein employed. In 
the case of ovalbumin there is increasing adsorption in the whole range. On 
the other hand with the immune globulin little change is seen with variation 
in ionic strength. The serum globulin falls between these two as does the serum 
albumin. 
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f ^ scrum globulin ^ 
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Fig. t. — The effect of salt concentration on the amount of protein adsorbed onto silica 
gel from a o*i % solution of the protein indicated. The salts used were sodium 
phosphate (#), sodium chloride 4- sodium phosphate (A) and sodium sulphate 
4- sodium phosphate (O), All solutions contained sodium phosphate at an ionic 
strength of o*i, except the three at the far left, where the ionic strength was 0*025, 
pH 7*0 with (2 = 0*1. 


The serum albumin used behaved in this and other experiments as if it con- 
tained two components widely separated in adsorbability. It will be noted that 
some of the values are not reported for the two globulins. This arises from the 
fact that at certain salt concentration these proteins were not completely 
soluble and the control tubes, those containing no silica gel, showed a pre- 
cipitate before centrifugation. 

The most instructive results were those obtained with the immune globulin 
and ovalbumin, since these illustrated two distinct types of behaviour, one where 
adsorption was high and unaffected by salt concentration, the other where 
adsorption was low when little salt w^as present but which reached a similarly 
high value with increasing salt concentration. 

The Effect of pH on Adsorption of Protein. — The effect of pH on the 

amount of protein adsorbed onto silica gel is seen in Fig. 2. Again in this 
experiment 5 ml. protein solution were added to 100 mg. silica gel previously 
washed in the same buffer. The buffers all had ionic strengths of o*i and the 
pH after addition of the globulin as measured by the glass electrode were 4*00, 
5*04, 5*98, 6*99, 7*54 and 8*34 (the ovalbumin solutions did not differ from 
these by more than 0*03 pH units). They had the following composition: 
(i) 0*45 M acetic acid -f 0*10 M sodium acetate, (2) 0*04 M acetic acid 4- 0*10 M 
sodium acetate, (3) 0*070 M monosodium phosphate 4 0*010 M disodium 
phosphate, (4) 0*019 M monosodium phosphate 4 0*027 M disodium phosphate, 
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(5) 0*004 M monosodium phosphate -h 0*032 M disodium phosphate and 

(6) 0*1 M glycine (+ 0*01 M sodium hydroxide) + o*i M sodium chloride. 

After 30 min. mixing the siUca gel was removed by two centrifugations. 

Protein solutions to which no sihca gel was added served as controls, and the 
amount of adsorption was determined by the difference in optical density at 
278 m|x between the adsorbed solutions and their controls. 

It may be seen in Fig. 2 that different results were obtained with immune 
globulin and ovalbumin. Immune globulin showed high adsorption from pH 4 
to pH 7*5, while ovalbumin showed decreasing adsorption between pH 5 to 7 
and very little adsorption at more alkaline reactions. It may also be noted 
that the greatest differences between immune globulin and ovalbumin lay in the 
pH range 7 to 7*5. The data suggest that a high electrostatic charge on a protein 
molecule prevents its adsorption to silica gel. The same relationship is alsa 
suggested by the data showing the effect of ionic strength on adsorption (Fig. i). 

Adsorption Isotherms of Proteins. — Data showing the relationship 
between the amount of protein adsorbed and the concentration of protein 
remaining after adsorption is complete may be obtained by two methods, one 
by varying the protein and the other by varying the silica gel, that is, with 
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Fig. 2. — ^The effect of pH on the amount of protein adsorbed onto silica gel from 3 
0*1 % solution of the proteins indicated. The ionic strength was 0*1 throughout. 
Acetate buffer was used at pH 4*0 and 5*0, phosphate at pH 6*o, 7*0 and 7*7, and 
glycine at 8*5. 


constant silica gel or with constant protein. Identical results by the two methods 
would be obtained only when the protein preparation was completely homo- 
geneous. The constant protein method seemed to yield information more 
useful to our purposes, since with inhomogeneous protein preparation the constant 
silica gel method gave falsely idealized results. For example, the serum albumin 
preparation appeared to contain two components, one which was adsorbed very 
strongly and one which was adsorbed not at all under the conditions employed^ 
and when this preparation was studied by the constant silica gel method the 
results showed an increasing amount of protein adsorbed in nearly exact pro- 
portion to the amount of protein remaining in solution. When the constant 
protein method was used the results seen in Fig. 3 c were obtained. 

The experiments were carried out much as those described before. 5 ml. 
% protein solution were added to a w eighed amount of silica gel, the suspension 
was then rotated 30 min., the silica gel removed by two centrifugations, and the 
concentration of protein determined at 278 mjx, the amount of protein adsorbed 
being estimated by subtraction from the value of the control to which no silica 
gel had been added. The amounts of silica gel used were 5, 10, 20 (or 25), 50, 
100 and 200 mg. The concentration of protein has been expressed in terms of 
optical density units as obtained with the Beckman spectrophotometer, since 
in this form it is more easily correlated with the chromatographic curves shown 
below. The value given for adsorption per gram was calculated by multiplying 
the difference between optical density of adsorbed solution and control by 
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5 (ml.) and dividing the product by the weight of silica gel which had been 
used. 

The results of Fig. 3 again show the immune globulin and the ovalbumin at two 
extremes with the serum albumin and the serum globulin lying in between. 
The immune globulin showed high adsorption in the absence of sodium sulphate 
and the amount of adsorption was not increased by the addition of sodium 
sulphate. The ovalbumin, on the other hand, showed no significant adsorption 
except in the presence of sodium sulphate. The serum globulin showed some 
increase in adsorption on addition of sodium sulphate. The serum albumin 
showed considerably increased adsorption with sodium sulphate. 

The exact course of the curves close to the origin has not been determined but 
it is obvious that the amount of adsorption per gram rose very steeply with 
low protein concentrations. The curves showing adsorption of the serum 
albumin in the absence of sodium sulphate show an unusual position. This 



Protefn in supernatant 


Fig. 3. — Adsorption isotherms obtained by the constant protein method. The protein 
concentrations after adsorption are plotted against the amount of protein adsorbed 
per gram of adsorbent. The salts used were sodium phosphate ([ji— o-i) at pH 
7*0 (□), pH 7*3 (A) and pH 7-7 (•), and the same pH 77 buffer plus sodium 
sulphate (O). 


presumably arises from the experimental approach (constant protein and different 
amounts of silica gel) and the inhomogeneity of the preparation, a minor com- 
ponent being strongly adsorbed whereas the major component shows very little 
adsorption. This supposition is borne out by the chromatogram of this prepara- 
tion. It should be noted that the irregularities in the values corresponding 
to high concentration of protein in the supernatant arise from the method used 
and reflect the uncertainty in estimation of small differences between adsorbed 
solution and control. 

Column Experiments. — The column experiments reported were done with 
frontal analysis, whereby a solution of protein is passed through the column 
until adsorption is complete, and the effluent contains as much of the material 
being adsorbed as does the solution entering the column. Although each 
component is not isolated separately, and after the first component each succeeding 
component must be contaminated wdth the preceding, such a procedure proved 
very helpful in preliminary orientation. 
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The column was filled with a mixture containing equal parts by weight of 
Supercel and silica gel prepared as described above. The filling was accomplished 
by preparing a thin paste of the Supercel and silica gel by adding to the dry 
powder enough of the solvent (solution without the protein) to yield a paste 
from which the small bubbles pfroduced by mixing could rise to the surface 
within a few seconds. A column with high resistance to flow appeared usually 
to have been caused by the accidental inclusion of air bubbles in the adsorbent. 
It was observed that rapid flow-rates obscured the development of steps and a 
rate of one drop in 50 to 60 sec. was eventually adopted. Such a slow rate made 
it necessary for 24 to 48 hr. to elapse before the experiment was concluded. 
Under such conditions bacterial contamination appeared in the solution in the 
reservoir and in the collected effluents. To prevent the disturbances arising 
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Fig. 4. — Frontal analysis chromatograms of several protein preparations and mixtures of 
them. The solvent was pH 7*0 sodium phosphate, (x = o*i o*i % formalin in all 
cases except d and e, where it was pH 7*7 sodium phosphate, (x — o*i + 0*5 M 
sodium sulphate -f 0*1 % formalin, a. 0*05 % immune globulin. Filter volume 
250 TT. B. 0*05 % immune globulin + 0*05 % serum albumin. Filter volume 
250 TT. c. 0 05 % immune globulin -b 0 05 % serum albumin. Filter volume 
500 TT. D. 0*1 % serum albumin. Filter volume 250 tt. e. 0*05 % immune globulin 
+ 0*05 % serum albumin. Filter volume 250 tt. f. o*i % fetuin. Filter volume 
500 TT. G. 0*05 pea-seed globulin. Filter volume 500 tt. 

from bacterial growth o*i % formalin was incorporated in the solution. Little 
effect on adsorption appeared to result, and adsorption isotherms of the immune 
globulin on silica gel in pH 7 sodium phosphate, (x = o-i, with and without 
0*1 % formalin were nearly identical. 

Not much pressure was needed to achieve the flow-rates desired, and accurate 
control of the pressure was necessary. The effluent was collected in the fraction 
collector in successive 3^ ml. amounts and its protein content estimated by 
measurement of optical density at 278 mp. A measurement was also made at 
320 mp in order to gain an impression of the amount of adsorbent or other interfer- 
ing material which might be present. The spectrophotometric measurements 
were done with the solvent in the control cell. Spectroscopic analysis from 
240 to 370 mp was then carried out on samples from representative portions of the 
chromatogram. 
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Some of the chromatograms are given in Fig. 4. Most of the experiments 
were carried out in sodium phosphate, with a proportion of disodium to mono- 
sodium phosphate of 27/19, {jl = o*i and pH 6-99. o*i % formalin was also 
added. 

Fig. 4 A shows that when 0*05 % of immune globulin was introduced at the 
top of the column, the efiluent first contained no protein but that after 7 volumes 
or 24 ml. (7 X 3 j ml.) protein began to appear and that after a total of 12 volumes 
the adsorbent had become saturated and the effluent contained globulin in the 
same concentration as the solution being introduced (the optical density of the 
control at 278 m(i. was 0*467). On the other hand, when the serum albumin in 
0*05 % concentration was studied under the same conditions the effluent showed 
nearly maximal protein even in the first volume. With the serum albumin the 
optical density of the effluent at 278 mjjL never reaiched that of the original solution, 
but instead rose to a value about 80 % even when the experiment was continued 
for 48 hr. This indicated the presence of a component responsible for about 
20 % of the optical density which was very strongly adsorbed, in confirmation 
of the impression gained in work reported earlier in the paper. 

When a mixture of 0*05 % serum albumin and 0*05 % immune globulin 
was studied the pattern seen showed two distinct components as in Fig. 4 b 
and 4 c. In 4 B a 250 tt filter was used and the immune globulin appeared in the 
5th or 6th tube although the serum albumin had been present from the ist 
tube. In 4 c a 500 tt filter was used and the appearance of the globulin was 
accordingly delayed although more so than was expected from 4 b, since it 
did not appear until the 20th tube. The identity of the components in the 
chromatogram in 4 c was confirmed by precipitation with ammonium sulphate 
solutions. Aliquots from various tubes were mixed with 4 M ammonium 
sulphate to give 2 M and 3 M solutions. Thus in 3 M ammonium sulphate 
precipitate was obtained with the 5th, loth, 15th, 20th and 25th tube, but not 
the ist, whereas in 2 M ammonium sulphate precipitate was obtained with only 
the 25th. 

The effect of increasing the salt concentration is shown in Fig. 4 d and 4 e 
where it is seen that in 0*5 M sodium sulphate the serum albumin adsorbs 
sufficiently to give a retention volume of about 10 ml. (3 x 3J ml.). The 
mixture of serum albumin and serum globulin is not well resolved in 4 e where 
the serum albumin appeared in about the 3rd tube and the immune globulin in 
the 6th. The identity of the components was again checked with ammonium 
sulphate. 3 M ammonium sulphate gave precipitate with material from the 
5th, loth, and 15th tube but not the ist, whereas the 2 M salt produced precipitate 
with the loth and 15th, but not the ist and 5th. 

Ovalbumin also showed adsorption in column experiments in the presence 
of salt, and in one experiment, the tracing of which is not given here, showed 
a retention volume of 20 ml. (6 x 3^ ml.) with o*i % ovalbumin in pH 7*7 sodium 
phosphate, |x = o*i + 0*75 M sodium sulphate + o*i % formalin (pH 7*7 
before addition of sodium sulphate), and a 250 tt filter. 

Chromatograms of the serum globulin preparation indicated the preparation 
to be heterogeneous since the curve rose more or less linearly from the origin 
to a maximal value in about the loth tube. 

In Fig. 4 F may be seen the chromatogram obtained with o*i % fetuin, which 
shows only one component with a retention volume of about 26 ml. (8 x 3i ml.). 
In Fig. 4 G is given the pattern of a preparation of pea-seed globuhn obtained from 
C.-E. Danielsson. Two components are seen, but only the second appeared 
to be protein since the first component showed a spectrophotometric curve with 
a maximum at 260 mjjt. Other evidence suggests that the poorly adsorbing 
component is a nucleic acid, or related product,* but not enough of the material 
resulted from this experiment to identify it. The two seed globulins, legumin 
and viciUn, were apparently both contained in the second chromatographic 
component. 

Several samples of human serum were studied by this method. The pattern 
seen in Fig. 5 is representative of the results obtained and is instructive because 


C.-E. Danielsson, personal communication. 
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the serum contained agglutinins for Brucella abortus. The results of pre- 
cipitation with 2 M and 3 M ammonium sulphate solutions are also presented. 
The serum was diluted 1/77 times in pH 7 sodium phosphate, jx = o-i -f- 0*1 % 
formalin and the solution showed an optical density at 278 m^x of 1-27. The 
results considered together show the albumin appeared soon and by the 3rd 
tube was near its maximum. Thereafter a small inhomogeneous component 
appeared from about the 5th to the loth tubes ; it did not appear to be 
precipitable with 3 M ammonium sulphate. After the loth tube the globulin 
began to appear and increased in amount up to the 20th tube. The brucella 
agglutinins were first detected in the 15th tube and increased thereafter. A strongly 
adsorbed component, which did not appear in the eluate, was responsible for the 
difference between the highest reading on the eluate (1*15) and that of the 
unadsorbed solution (1*27). Although the experiment does not appear to yield 
novel information regarding the composition of human serum, it does illustrate 
some of the possibilities of the chromatographic analysis of complex biological 
mixtures and the advantages that the operator has in having the fractions 
separated in test-tubes. 


Human s<trum (from pafiant with brucallosis) 
Control 



Effluent fraction number 

I^iG. 5. — Frontal analysis chromatogram of human serum containing antibodies for 
Brucella abortus. Solvent: pH 70 sodium phosphate == 0*1 o-i % formalin. 
Filter volume 500 tt. 


Comparison with other Adsorbents. — A few experiments using other 
adsorbents were carried out. It has already been stated that paper and starch 
showed no detectable adsorption in batch experiments. For example, in one 
experiment 5 ml. o-i % serum albumin in 2 M ammonium sulphate were treated 
with 0*5 g, filter paper and another 5 ml. with 0*5 g. potato starch and no detect- 
able adsorption occurred. Under the same conditions over 93 % of the serum 
albumin was adsorbed on silica gel. 

Aluminium hydroxide was also inactive. In experiments, in which 5 ml. 
quantities o*i % ovalbumin and o-i % immune globulin in pH 7 sodium 
phosphate, jx = 0‘i, or in pH 7*2 sodium phosphate, (x = o-i -f 0-5 M sodium 
sulphate, were treated with 100 mg. aluminium hydroxide (powd., Bakers* 
Analyzed), for 30 min., no detectable adsorption occurred. 

Supercel and carbon (Norit FHX Special) were tested and found to adsorb 
proteins under similar conditions. Quantitative results were not achieved because 
of difficulties encountered in removing the adsorbent, but comparison with 
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results with silica gel indicated that in terms of adsorption per gram of 
adsorbent the carbon adsorbed two to three times as much protein as did silica gel^ 
whereas the Supercel adsorbed only i/io to 1/20 times as much protein as did 
silica gel. With both carbon and Supercel the presence of 0-5 M sodium sulphate 
increased adsorption of ovalbumin and serum albumin but not of immune 
globulin. A few column experiments with these adsorbents have also been done 
with results that also show the high adsorptive capacity of carbon and low 
adsorption of Supercel, 

Discussion 

In the work reported here some of the factors affecting adsorption of 
proteins to silica gel have been investigated and the role the factors play 
in chromatograms has been studied. It was seen in the range of ionic 
strength from 0-025 to 3-1 that the adsorption of the serum albumin and 
ovedbumin preparation increased with increasing ionic strength, while the 
adsorption of the serum globulin and immune globulin preparation was not 
much affected by ionic strength. The maximal amount of adsorption of 
the albumins and globulins studied was about the same, but with the 
albumins maximal adsorption was seen only with high salt concentrations. 
The difference in adsorption of albumin on the one hand and globulin on the 
other was greatest in the presence of salt of low ionic strength. 

The effect of pH on adsorption was also different for ovalbumin and 
immune globulin. With ovalbumin, high adsorption was observed at pH 4 
and 5 and adsorption decreased rapidly above pH 5 until it was scarcely 
measurable at pH 7 and above. The immune globulin behaved differently 
in that high adsorption was manifested from pH 4 to pH 7-5. The greatest 
difference between ovalbumin and immune globulin was thus seen in the 
range of pH 7*0 to some point below pH 8-3. 

The relationships between salt concentration and pH and adsorption 
show that the optimal conditions for separation of albumin from globulin 
are a low ionic strength, of o-i or less, and a pH of about 7 to 8. It would 
also be suggested that for the separation of globulins from one another a 
higher pH might be needed, and that for the chromatographic separation of 
albumins from one another a lower pH or higher ionic strength would be of 
advantage. 

That the electrokinetic potential of the protein molecule is of great 
importance in determining its adsorption to silica gel is indicated by the 
ionic strength — pH relationships. That this could be a concept of some 
functional value is illustrated by the results reported by Delbriick with a 
bacteriophage and sintered-glass filters,^ by Reiley with Rous chicken sarcoma 
virus and celite,® by Davenport and Horsfall with PVM virus and lung 
particles,’ by Reiley et al. with melanized particles from mouse melanomas 
and celite,® and by Leyon with murine encephalomyelitis and paper.® In 
all these cases elution was successful with distilled water or very weak 
salt solution, while adsorption had taken place from salt solutions of not 
more than physiological concentration. 

The adsorption isotherms showed in general a steep rise with low protein 
concentrations. A shape such as this is helpful for obtaining sharp fronts 
but does not indicate satisfactory conditions for elution analysis when the 
same solvent is used. The isotherm curves were of aid in calculating the 
retention volume of proteins in column experiments. For example, in 
Fig. 4 A it could be c^culated that the protein step would appear in the 

^ Delbriick, ]. Gen. Physiol., 1940, 23, 643. 

** Reiley, Science, 1948, 107, 573. 

’ Davenport and Horsfall, J. Expt. Med., 1948, 88 , 621. 

Reiley, Hesselbach, Fiala, Woode, and Burk, Science, 1949, 109, 361. 

* Leyon. Arkiv Kemi (in press). 
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8th or 9th tubes, and in Fig. 4 d in the 4th or 5th tubes. (The 
amount of silica gel in a 250 tz filter averaged about 0*32 g.) 

Chromatography was carried out in columns containing silica gel, to which 
Supercel was added to decrease resistance to flow. With a solvent contain- 
ing sodium phosphate at an ionic strength of o*i and pH 7*0, frontal analysis 
distinctly separated serum albumin and globulin. The patterns obtained 
with human serum illustrate some of the possibilities of the method, and its 
applicability to the study of biologically active materials. 

Part of the expenses for this investigation were supplied by grants from the 
Swedish Natural Science Research Council. 

Institute of Biochemistry, 

Uppsala University, 

Uppsala, Sweden, 


THE APPLICATION OF CHROMATOGRAPHY TO AMINO ACIDS 

AND PEPTIDES 

By Tudor S. G. Jones 
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An account is given of the application of the chromatographic methods, adsorption, 
ion exchange and partition chromatography in its forms using paper and columns of 
silica gel, starch and kieselguhr to amino acids and polypeptides. Paper chromatography 
is considered in greater detail because of its wide application in this field. Attention 
is given to the conditions employed, including the infiucnce of the paper support, the 
solvent systems used and their direction of flow, and to methods of detection. The 
use of kidney Z)-amino acid oxidase for the determination of configuration is described 
in greater detail than hitherto. A discussion of the mechanism of the method is followed 
by many examples of specific applications. 


The following account of the application of the chromatographic method 
to the separation, identification and determination of the amino acids and 
l^eptides includes work published up to July, 1949. Not every article which 
has appeared is cited, and where no reference is given, the statement is 
derived from the author's own unpublished work. The subject will be treated 
under three divisions : (i) adsorption chromatography, (ii) ion exchange, 
(iii) partition chromatography, although no implication is made that these 
divisions are mutually exclusive or that the mechanisms involved follow 
strictly the title of the division. The following authors have published 
reviews mentioning amino acids and peptides in the following divisions : 
all methods, Martin and Synge,^ Cannan,^ Strain ® ; ion exchange, Tompkins,^ 
Applezweig,® Kunin ® ; paper partition, Consden ^ ; adsorption, Tiselius.® 


^ Martin and Synge, Advances in Protein Chemistry, II, i. 
*Cannan, Ann. N.Y. Acad, Sci., 194^, 47, 135. 

* Strain, Anal. Chem., I 949 » a*. 75 - 

* Tompkins, ]. Chem. Educ., 1949, 96, 32, 92. 

® Applezweig, Ann. N.Y. Acad. Sci., 1948, 49, 295, 

• Kunin, Anal. Chem., I949» a*. A?- 
’ Consden, Nature, 1948, i6a, 359. 

• Tiselius, Kolloid-Z., 1943, 105, loi. 
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1 . Adsorption Chromatography. — ^The conditions under which amino 
acids are adsorbed from solution, using the term in its classical sense, were 
defined as early as 1917,* but little advantage was taJcen of this discovery for the 
analytical separation of amino acids until the work of Tiselius laid the founda- 
tions for the use of charcoal, particularly as a component for his group separa- 
tion (see §2) . At about the same time a number of workers used activated 
alumina as the adsorptive material, but the applications belong more properly 
to the next section. This material has been used, however, for separation of 
tryptophane, tyrosine and phenylalanine.^* The adsorptive chromatography of 
coloured derivatives of amino acids, using basic zinc carbonate,^* has been taken 
up by Reich, who used alumina to separate small quantities of a few amino 
acids in the form of their iV-azobenzene-/J-sulphonyl or iV-2 : 4-dinitrophenyl 
(DNP) derivatives of their methyl esters. Sanger has used the partition 
column, described in §3 (a), for end-group analysis, which employs the DNP 
amino acids, and it is generally considered that the silica gel used functions 
largely as an adsorptive medium. This method has been used to determine the 
free amino groups in gramicidin S,^* in insulin,^’ in salmine,** and in poly- 
myxin The use of a mixture of Lloyd’s reagent and kieselguhr permitted the 
separation of basic and neutral amino acids.*® 

2 . Ion -exchange Methods. — Ion-exchange materials have, with few 
exceptions, only recently been applied to amino-acid separations. Folin used 
natural, and later, synthetic zeolites to remove bases from biological media and 
Whitehorn showed that passage of the solution through a column of the 
zeolite was more effective than simple agitation with it, since reversal by the 
liberated sodium ions was prevented. Thus originated ion-exchange chromato- 
graphy, but little application was made to amino-acid separations. Titania gel ** 
found a limited use but acid-washed alumina has been used in a number of 
different applications. The ionizable chloride groups, introduced by washing 
alumina with HCl, may be exchanged by the anions of dicarboxylic amino 
acids in solution in water or 80 % alcohol.** Glutamic acid may be eluted by 
acetate buffer and aspartic acid subsequently by caustic soda, a process diffi- 
cult to understand. “ Basic alumina,” an analogous cation-exchange material, 
has been applied to the separation of basic amino acids. In the presence of 
formaldehyde, the neutral amino acids are rendered more acidic and the carboxyl 
group is strong enough to exchange with the Cr ions of acid -washed alumina. 
Lederer and Tchen ** found that di- and tri-peptides, glycine, serine and p-alanine 
but not a-alanine were retained from a mixture with other amino acids in the 
presence of formalin. Acid peptides are adsorbed from water, glycyl peptides from 
I % formalin and other neutral peptides from 10 % formalin, while the adsorption 
of aromatic neutral peptides on carbon completes the group separation.*® 


® Abderhalden and Fodor, Fermeniforsch., 1917, 2, 74. 

1® Tiselius, Arkiv. Kemi, Min. Geol. B, 1941, 15, No. 6. 

Tiselius, Science, 1941 * 94. i45- 
^* Tiselius, Drake and Hagdahl, Experientia, 1947, 3» 21. 

1* Schraijini and Primosigh, Ber. B, 1943, 76, 373. 

Karrer, Keller and Szonyi, Helv. chim. Acta, 1943, 26, 38. 

Reich, Biochem. J ., 1948, 43, xxxviii. 

1® Reith, ibid., 1949 (in press). 

Sanger, ibid., 1945, 39, 507. 

Sanger, ibid., 1946, 40, 261. 

1® Tristram, Nature, 1947, 160, 637. 

*® Bergdoll and Doty, Ind. Eng. Chem. (Anal.), 1946. 18, 600. 

** Whitehorn, /. Biol. Chem., 1923, 56, 751. 

** Johnston, cited by Cannan.* 

** Turba and Richter, Ber. B, 75, 1942, 340. Wieland, ibid., 1001. Wieland, Naturwiss., 
1942. 30. 374- 

** Lederer and Tchen, Biochim. Biophys. Acta, 1947, 35- 

** Jutisz and Lederer, Nature, 1947, * 59 > 445- Dubnoff, J. Biol. Chem., 1941, 141, 
71 1. Archibald, J. Biol. Chem., 1944, 156, 121. Freudenberg, Walch and Moltor, 
Naturwiss., 1942, 30, 87. 
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The introduction of anion-exchange resins of high capacity has interested 
a number of workers in this field,*® who have presented detailed theoretical * 
and practical studies. Consden, Gordon and Martin adopted the principle 
of establishing a constant pH value in finely ground Amberlite IR~4 and in 
this way were able to effect a complete separation of glutamic, aspartic and 
cysteic acids from a wool hydrolyzate. These acidic amino acids were first 
separated from the neutral and basic acids on a column at pH 3 to 4, eluted 
in small volume by displacement by N HCl, placed on a column already brought 
to pH 2*5 by washing with 0-003 N HCl and developed with the same solution. 
The recoveries were not quantitative. These results are interpreted as involving 
a depression of the iso-electric point of the acids when adsorbed, since the optimum 
pH for separate elution should be pH 4-5, at which pH the acids are actually 
retained. The same resin was used by Drake,** who eluted the glutamic acid 
with 0-05 % acetic acid and aspartic acid with N HCl. An automatic sampling 
device for applying small portions of the effluent to paper for ninhydrin reaction 
and matching enabled quantitative determinations to be made. 

Cation-exchange resins were originally applied to separate basic from neutral 
amino acids in analysis, but difficulties were evident as it was not appreciated 
that the neutral acids have a distinct affinity for the sulphonic groups of the 
resins used.* With the intention of developing preparative rather than analytical 
methods. Partridge and Westall ** have investigated the behaviour of Zeo-Karb 215, 
a sulphonic acid resin. In this method all the amino acids are adsorbed on the 
acid resin and, in order to avoid the difficulties of selective elution, the displace- 
ment technique of Tiselius and Claesson *® was employed. Changes in the 
composition of the effluent were measured by a combination of methods : 
measurement of conductivity or pH, paper chromatography or measurement 
by titration of small successive fractions. A detailed consideration is given 
of many of the factors involved. The retention isotherms for single amino 
acids take the form of the Langmuir equation. Effective separation is achieved 
if the iso-electric points of the components differ by more than 0-5 to i-o pH 
unit. Use is made of the graphical method of Tiselius for calculating the 
concentrations of a given displacing agent necessary for a given concentration 
of the issuing amino acid. In a subsequent paper ** we are promised data on the 
separation of complicated mixtures including protein hydrolyzates. 

Perhaps the most valuable feature of the ion-exchange methods is the scale 
on which they may be applied, and there is no reason why this may not be 
increased to full plant operation. An appheation of this sort is the isolation 
of the polypeptide antibiotics, the polymyxins, from the crude culture fluid 
in which they are elaborated.*® Another application in this field was the 
separation of the amino acids shown to be present in polymyxin A (Aerosporin).*® 
This led to tlie isolation of an unknown amino acid retained on Zeo-Karb 215 in 
the presence of ammonia and displaced by sodium hydroxide, and of obviously 
basic character. The attempted isolation of y-aminobutyric acid, found by 
paper chromatograms to be present in molasses, using the carboxylic cation 
exchanger Zeo-Karb 216, was not successful.** This may have been due to the 
effect of large concentrations of sugar on the pK of the amino acid comparable 
with the effects of acetone.^* 

Esters of polysaccharides with polybasic acids, such as cotton succinate 
or phthalate, have been suggested for use as carboxylic cation exchangers.*® 

** Turba, Richter and Kuchar, ibid., 1943, 31. 508. Englis and Fiess, hid. Eng. 
Chem., 1944, 36, 604 Cleaver, Hardy and Cassidy, J. Amer. Chem. Soc., 1945, 
67, 1343. Cannan, J, Biol. Chem., 1944, * 5 *. 4^1 • 

*’ Consden, Gordon and Martin, Biochem. 1948, 42, 413. 

*® Drake, Nature, 1947, 160, 602. 

*® Partridge and Westall, Biochem. J., 1949, 44, 418. 

®® Tiselius and Claesson, Arkiv Kemi, Min. Geol. B, 1942, 15, No. 18. 

Tiselius, ibid. A, 1943, 16, No. 18. 
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The capacity of these materials can never be very high, but the properties of 
a material of a form familiar as cotton wool, and its relative insolubility, render 
it worthy of trial on very small-scale separations. 

The separation of amino-acid mixtures into groups for subsequent analysis 
has been achieved by the methods outlined in these two sections. The use of 
acid alumina with formaldehyde and the use of a hydrogen-exchange resin by 
Block to separate basic from neutral amino acids have been described in 
principle already and systems are available by which four groups may be 
obtained. For analytical purposes, more specific separations may be achieved 
by partition methods, without group separations, but comparative investigation 
of the two methods remains to be done. 

3 . Partition Chromatography. — ( a ) Silica Gel and Diatomaceous Earth. 
— Taking advantage of the gradation in partition coefficients of the acetylamino 
acids, Martin and Synge *• devised a counter-current machine for their separation, 
and used it in the analysis of hydrolyzates of wool. This idea was soon modified 
to form the well-known partition chromatogram,^® and a scheme of analysis 
for certain acetylamino acids was devised.*^ This was modified later by 
Tristram. The method has been used for the analysis of hydrolyzates of 
wool,*® gelatin,*^ ** gramicidin,*® ** tyrocidine, *^ myosin and fibrin,*® grami- 
cidin S,** methylated proteins,*’ *® and salmine.^® The preparation of siUca gel 
of the non-adsorptive nature necessary for the method has not proved to be 
straightforward,^® and this is one factor which has tended to prevent its rapid 
development. Difficulties in the preparation of silica gel suitable for separating 
DNP-amino acids are overcome by the use of buffered columns *® according to 
Blackburn,®® who specifies solvents suitable for separating different groups of 
DNP-acids. 

Diatomaceous earth has been used as a substitute for silica gel ®^ and has 
found application in the analogous problem of the separation of the penicillins.®® 
Its application to the determination of N-dinitrophenyl derivatives of amino 
acids in hydrolyzates combines the use of a separation technique with the 
possibilities of a sensitive absorptiometric method. It has been so applied to 
the determination of both free amino groups and the individual amino acids 
in polymyxin D.®^ Wieland and Fremery ®i® have described the use of partition 
columns of silica gel for the separation of the coloured copper complexes of 
amino acids. The amino groups are in combination with the copper atoms 
and adsorption is absent. 

{h) St ARCH Chromatography. — A development of paper partition chromato- 
graphy, which is treated in the next sections, that is, chromatography on starch, 
was introduced in order to increase the scale on which free amino acids may be 
separated.®® ** In the hands of Moore and Stein it has been converted 

into a tool for the complete separation and determination of the amino acids in 
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a protein hydrolyzate. Indeed, the much analyzed proteins, p-lactoglobulin and 
bovine serum albumin, have been examined by the method with results com- 
parable with the best recorded.** Another example of its use was the separation, 
on a considerable scale from a variety of sources, of a peptide,*’ thought to be 
reasonably homogeneous. The amino-acid composition of this peptide was also 
determined by this method. Another application was the dcmonstrdltion of the 
conversion of lysine to a -amino -adipic acid by guinea-pig liver.** The dis- 
advantage of the starch column is its exceedingly slow rate of flow and means 
must be provided for collecting many small fractions of equal volume for the 
quantitative application. 

{c) Conditions of Paper Chromatography. - The theory of paper partition 
chromatography is covered by other papers in this Discussion, but it is appro- 
priate to treat here those aspects special to amino acids and peptides and to 
describe findings which may have a bearing on the method as a whole. The 
problems involved in the paper chromatography of amino acids, for which 
the method was originally introduced,®® namely, the choice of paper and solvent, 
the methods of recognition and determination and thp effects of physical con- 
ditions, are the same problems as are met with in the e vamination of other classes 
of compounds. The choice of paper is limited to what is available commercially, 
and little modification is possible aj)art from washing to remove undesirable 
contaminants, or impregnation with such substances as buffering materials 
or even hydrophobic substances such as rubber.®^ In general, a given grade 
of paper behaves uniformly, ’except for occasional unexplained variations, 
which cannot be ascribed to any known cause except the lack of uniformity 
of the paper batch. A conspicuous example is the variation ®* in the intensity 
of fluorescence ®* of amino acids, even on consecutive sheets of paper drawn 
from a single batch. The explanation of this lies in the practice of the manu- 
facturer of bulking the output of a number of cutting machines from a number of 
different rolls of .paper. It is thus possible that a single batch may incorporate 
paper priginating from several different batches of raw material, without influence 
on the mechanical properties of the paper as filter paper but having an important 
effect on the properties needed for a chromatographic support. The simple 
solution is to specify paper for chromatography and a leading manufacturer, 
we are assured, will see that a given batch at least comes from one source of 
raw material. For uniformity, the direction of flow of the solvent relative to 
the direction of cut of the paper ®* is important. With rectangular sheets, 
this point scarcely arises, but with square sheets a direction should be chosen 
following observation of the texture. Another factor in the choice of a paper 
is the degree of separation achieved in a given time with a given solvent. With 
the solvents in common use, the tendency is to use Whatman 4 paper. The 
texture of the paper has an influence on the separations achieved and it has 
been found that Whatman 7 paper gives with amino acids round spots showing 
less dispersion in the direction of flow. 

The choice of solvents for amino acids follows that of the originators ®® of 
the method, with few modifications, the commonly used solvents for two- 
dimensional work being the collidine frat tion of coal tar distillate, and phenol. 
The collidine fraction is a mixture and, if pure collidine and lutidinc are 
available, equal parts of these will reproduce the standard chromatogram 
maps published.®® ®* The addition of ammonia to phenol causes the basic 
amino acids to take up positions on the two-dimensional chromatogram well 
removed from the acidic acids. Alkaline phenol tends to oxidize easily, 

*• •Stein and Moore, /. Biol. Chem., i 949 » 17®» 79- 

*’ Borsook, Deasy, Haagensmit, Keighley and Lowy, ibid., 1949, 179, 705. 

Borsook, Deasy, Haagensmit, Keighley and Lowy, ibid., 1948, 173, 424. 

*• Randall and Martin, Biochem. 1949. 44. ii. 

®® Consden, Gordon and Martin, ibid., 1944, 38, 224. 

Boldingh, Experientia, 1948, 4, 270. 

•* Woiwod and Jones (unpublished). 

•• Phillips, Nature, 1948, 161. 53. 

Bull, Hahn and Baptist, J. Amer. Chem. Soc., 1949, 71, 550. 

®* Dent, Biochem. J., 1948, 43, 169. 



2Q0 


AMINO ACIDS AND PEPTIDES 


giving dark fronts, and various expedients, such as addition of KCN, cupron, 
oxine and displacing the atmosphere by coal gas, have been devised to minimize 
the oxidation and metallic interference. Collidine interferes with the quanti- 
tative determination of amino acids by Woiwod’s method and needs periodical 
purification and may with advantage be replaced by butanol equilibrated 
with aqueous acetic acid,®^ different concentrations of acetic acid from 5 % to 
25 % being of use for the separation of different mixtures. The overlapping 
of the basic amino acids with other amino acids is neghgible if neutral phenol 
follows butanol-acetic acid in a two-dimensional chromatogram, so that the 
addition of ammonia becomes a disadvantage to be avoided. The addition 
of oxine to a good commercial grade of phenol enables clean chromatograms 
to be produced and renders special purification unnecessary. Workers who have 
standardized their chromatograms using collidine and alkaline phenol will be 
loath to change to different solvents, but newcomers are recommended to try 
both systems. It is of interest that Phillips ®® finds butanol-20 % acetic acid 
to be superior to other solvents for the peptides of an enzymic digest of insulin. 
Tertiary amyl alcohol in the presence of diethylamine has been found by Work 
fo effect the separation of leucine, i^oleucine and phenylalanine. 

Williams and Kirby ®® have described a modification of the method of Consden. 
Gordon^ and Martin,®® in which the solvent is caused to move over the paper by 
capillary ascent. The paper, in the form of an open cylinder secured by staples 
along overlapping edges, is stood on end in a dish of solvent. Other modifications 
to this method have been described,’® designed to render the paper, wet with 
solvent, sufficiently rigid to stand. It is here considered that nothing is simpler 
for two-dimensional work than the original apparatus, in one of its shght 
modifications described by Dent ®® or Woiwod,’^ that of the latter being very 
similar to that used by the author. 

Upward flow may be used with advantage for narrow strips in very simple 
apparatus and in the test-tube.’® Its use for thick paper is described in §3 (g). 

\ d ) Recognition of Amino Acids and Peptides. — The method universally 
adopted for the recognition of amino acids and peptides on paper is the ninhydrin 
reaction, the reagent being applied to the paper as a solution in dry or aqueous 
butanol or chloroform in the form of a spray.®® The paper is then dried and the 
colour developed at slightly elevated temperatures for amino acids or higher 
temperatures up to 100° for peptides. The reaction is said to go to completion 
more rapidly if the final development is carried out in steam.®® The reagent 
may be incorporated in the solvent,’® but a disadvantage of this is the cost. 
With relatively volatile solvents, the preliminary drying of the paper may be 
avoided by evaporation in a stream of air to a state sufficiently dry to avoid 
diffusion of the spots, spraying with ninhydrin and subsequent development. 
The addition of small amounts of collidine or pyridine ®® to the ninhydrin 
solution causes a differentiation of the colour of the spots as an aid to recognition, 
while the presence of phenol renders the colour more uniform and suitable for 
densitometry.®® The ninhydrin method is not specific for a-amino acids; on 
paper, positive reactions are given by many bases, although with diminished 
intensity, as well as by p- and other amino acids. The sensitivity of the ninhydrin 
reaction for a number of amino acids has been compared by Pratt and Auclair. 
Other methods of recognition applicable to all amino acids are the naphtho- 
quinone- p-sulphonate reagent, ’* which gives spots of less intensity than ninhydrin, 
and the fluorescence in filtered ultra-violet light shown by amino acids and 
peptides,®® but which is also less sensitive than the ninhydrin method, needs 
< areful drying of the paper and is subject to considerable variation with the 
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paper batchv Special methods have been .described for the recognition of specific 
amino acids, e.g., the use of o-phthaldehyde for glycine ; potassium iodo- 
platinate and the sodium azide-iodine reaction for sulphur-containing 
amino acids ; treatment with periodic acid followed by Nessler^s reagent for 
hydroxy amino acids ’ ; diazotized sulphanilic acid for tyrosine and histidine ; 
/?-dimethylamino-benzaldehyde for tryptophane ’ ; 2 : 4-dimtrophenylpyri- 

dinium chloride for reduced tryptophane ^ ; />-mtrobenzoyl chloride and pyridine 
for iV-methylamino acids.*® I^ine sublimed on to the paper or sprayed on in 
alcoholic solution gives temporary spots of a brown colour,*® which soon fade 
by evaporation and lead to no interference with the subsequent use of anothet 
reagent. Another method consists in treatment of the paper with a 5 % solution 
in chloroform of copper acetylacetonate,*® which gives a quantitative conversion 
of the amino acid to its copper complex. Excess of the reagent is removed by 
chloroform and the copper in the complex is revealed by treatment with i % 
rubeanic acid in acetone. This and similar methods may be used to distinguish 
between a-amino acids and others which give the ninhydrin reaction. 

An elegant method due to Synge **" is the use of the D-amino acid oxidase of 
sheep’s kidney for the determination of the configuration of amino acids on 
paper chromatograms. The method may be used for leucine, valine, threonine 
and serine but has failed with jD-ay'diaminobutyric acid and would presumably 
fail for other diamino acids. The method was applied to the valine residues 
of gramicidin by Synge and Jor the demonstration of the presence of JD-leucine 
and L -threonine in polymyxin A (Aerosporin) by Jones.** The method has lately 
been published by Synge, but a description of it would find a place here. A 
chromatogram is prepared from a suitable quantity of the amino-acid mixture 
to give about 25 [xg. of the one to be tested. On the same paper are placed 
25 (xg. of the D- and L-forms of the acids, and graded mixtures of them. The 
amino acid spots are marked by their ultra-violet fluorescence and the paper 
in their vicinity is sprayed wirii a solution of the D-amino acid oxidase. The 
damp paper is then kept for three hours in an oxygenated water-saturated 
atmosphere at 40° C. It is then dried in a hot room, sprayed with ninhydrin 
in water-saturated butanol, and the colour developed at 40"^ C. Amino-acid 
mixtures containing the Z)-form will be found to yield spots of diminished 
intensity. The enzyme solution is prepared according to the directions of 
Negelein and Brdmel,*^ proceeding as far as their step 5, Instead of preparing 
the solid, the solution is dialyzed against 0*2 M pyrophosphate buffer, and the 
co-enzyme is added as described in the paper. This preparation gives little 
or no background. 

{e) Quantitativk Paper Chromatogkaphy. — The introduction of partition 
chromatography was a great stimulus to the established interest in the analysis 
of proteins and other nitrogenous biological products, and attempts were soon 
made to apply quantitative methods to the materials separated on the paper 
chromatogram, both in situ and after removal from the paper. Included in the 
former are visual matching of the spot formed with ninhydrin with 'a spot due 
to a known quantity of the amino acid,®* *® photoelectric determination of the 
optical density of the coloured spot,®® *» and measurement of the area of the 
spot.*® Another in situ method of great sensitivity results from the incorporation 
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of radioactive carbon,*^ sulphur or iodine ^ in the amino acid or a derivative. 
The spot may then be detected by autoradiography and determined quanti- 
tatively by the usual methods. •* Isotopic /?-iodobenzenesulphony 1 derivatives 
of any amino acids may be employed.*® The ninhydrin spot may be removed 
from the paper,*® or the spot may be marked by a minimal quantity of ninhydrin 
and then removed,*^ and the coloured ninhydrin product determined absorptio- 
metrically. Another reaction applied to amino acids removed from the paper is 
the formation of the copper complex by reaction with copper phosphate suspen- 
sion,** which may be formed in the eluate by simple mixture of copper sulphate 
and NagHP04 titrated to pH 10*2. The copper in the complex may then be 
determined absorptiometiically by one of the usual colour reactions,** or the 
complex itself may be determined' polarographically.^®® In the first method 
the excess copper phosphate must be removed by hltration, but this is unneces- 
sary in the second since insoluble materials are not reduced at the dropping 
mercury cathode. One advantage of the absorptiometric method is that, since 
the coppCT equivalent to the amino acid is determined, the colour produced 
is substantially the same for most common amino acids and mixtures such as 
leucine-isoleucine-phenylalanine, valine-methionine and glycine-serine which 
occur on single dimensional . chromatograms may be determined. Collidine 
interferes with this method by preventing the quantitative removal of leucine,*® 
at least, and this is another reason for its replacement by butanol-acetic acid 
mixture. Phenol has no deleterious effects, provided that it is properly removed 
by evaporation. The polarographic ' method determines the diffusion current of 
the copper’ complex of the amino acid and, in general, this differs for different 
amino acids in a manner mainly dependent upon the size of the complex, and 
independent of the nature of the amino acid. For example, glycine gives a higher 
diffusion * current than leucine or lysine, which are approximately equal. All 
these amino acids yielded complexes, at the pH employed, containing one atom 
of copper- to two molecules of the: amino acid. In contradistinction to this, 
ay-diaminobutyric acid forms a complex^with copper which contains one molecule 
per atom of copper ; this smaller! complex yields a much higher diffusion current 
than glycine. It was found possible to soak off the amino acids in o«i8 M 
NajHPOt solution, and addition; ot an equal volume of copper phosphate suspen- 
sion was all thslt was* necessary before placing the solution in the polarograph 
cell. This reagent, enabled a reprdducible blank diffusion current to be measur^, 
contrary to Martin and; Mittehnann-s experience with the reagent of Pope and 
Stevens;^** It has been found advantageous to attempt the elimination of 
variations caused during the running of the chromatogram. Block,** using 
a densitometric ninhydrin method; measures five consecutive strips containing 
the aminJO acids. -Woiwod’** prepares a chromatogram of a large number, of 
identical amounts of the mixture, placed on a starting line parallel with the 
shorter side of a. 22 in. x 18 J in. sheet Of paper. A strip is then cut so as to include 
the line of spots corresponding; to one amino acid, determined by fluorescence, 
and the -amino acid removed by; soaking in water is reduced to dryness by 
evaporation: under reduced pressure. The amino acid is then treated with the 
copper reagent. ' = 

[ f ) Th® Mechanism or the METHOfD as Applied to Amino Acids and Peptides. 
— In applying the above methods to the examination of biological preparations 
of single substances, the following considerations are relevant. In the first 
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place the purity of these materials is. often, difficult, to achieve., and equally 
difficult to establish. When therefore faint spots appear on chromatograms, 
consideration must be given to the question, whether they are due to components 
of’ the molecule, e.g., in the case of a protein hydrolyzate, the amino acids. 
A knowledge of the order of the molecular weight of the substance under investi- 
gation will enable a decision to be taken whe^er the faint spots observed could 
represent a minimum of one unit amino acid in the molecule. The finding of 
small amounts of material on paper chromatograms, prepared from biological 
mixtures in positions usually occupied by standard amino acids, should only be 
taken as a challenge to attempt the isolation of the material on a scale sufficient 
to prove its identity by the established procedures. One important result to be 
obtained from paper chromatograms is the demonstration of the absence, in 
significant amount, of a particular amino acid.'®* In the field of such. complexity 
as the composition of proteins, the value of limiting the number of. the com- 
ponents can scarcely be over-emphasized. 

In their original publication, Consden, Gordon and Martin *® held that the 
paper played the role of an inert support. Whatever the mechanism with 
other materials, it is certain that some adsorption of amino acids on the paper 
takes place. Evidence for this is found if sufficient paper is cut from a chromato- 
gram and eluted, when amino acids which have passed over the strip wiU be found 
in the eluate. Moore and Stein consider that with starch chromatograms 
adsorption plays a prominent part and cite experiments in which no immobile 
phase was employed and the results of which were comparable with those of 
partition chromatograms. The separation of the anions of amino .acid and 
peptide salts from the cations would argue a selective ‘ adsorption * for the 
cation, and a mechanism for this is available in the carboxyl groups present 
in the partly degraded cellulose of the paper. The displacement, of certain 
amino acids by slightly slower ones, presept in large amount, has been ascribed 
to a kind of salting-out process ; it could equally well be a displacement 
development on an ion-exchange medium. . Whatever the mechanism, the 
separation of the salts as ions has a distinctly practical significance. Some 
salts such as picrates, picrolonates or doubjp. spdts are very readily , dissociated 
on the paper and bases applied as these salts are found to have separated. On 
the other hand, sulphates of basic amino acids as well as of other bases, such 
as ergometrine, are found to be moved by such solvents as butanol-acetic acid 
at rates much slower than the corresponding hydrochlorides, tartrates, maleates 
or the free bases. Free sulphuric acid in excess is found to have a high Rp 
value in these solvents, and it is of advantage to remove sulphuric acid or 
sulphates before attempting to separate basic amino acids. 

Another consequence of the mechanism of the chromatographic., process is 
the loss which occurs in the progress of the amino acid along the paper.®® In 
many publications, this loss is not mentioned and in others it is buried in the 
losses consequent upon the series of operations made to form a quantitative 
estimate Many methods proposed attempt to overcome this defect by a com- 
parison of the unknown with known amounts applied to the paper at the same 
time. It appears that losses occur to an extent roughly proportional to the 
distance travelled on the paper ®* It has been reported that the loss which occurs 
on separating metallic catjons is uniform along the paper strip. This may be due 
to the acidic solvents employed or to a different mechanism for the separation. 
It is to be hoped that some method which is exact and does not involve removal 
from the paper will be applied to this problem to divide the possible losses 
into their components. 

(g) Thick Paper. — The use of paper chromatograms for preparative separations, 
although discussed by Cons Jen, Gordon and Martin,®® has received little develop- 
ment, probably bec:ause of the introduction of the starch column. Two methods 
are available : (i) to use many sheets of paper and (ii) to use thicker paper. 
The above authors mentioned Whatman Accelerator paper as a possible support, 
but this proved too brittle for use with descending flow. With 'upward flow, 
however, difficulties due to this cause are overcome, and reasonable one- 
dimensional separation of small numbers of amino acids which normally separate 
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well can be 'acMeved. One method is to clamp the sheet of paper at the upper 
edge between strips of plate glass and hang it so that the lower edge rests in 
the solvent in the trough. One sheet of paper will easily accommodate 20 mg. 
lots of each amino acid distributed along a line parallel with the lower edge, 
and the bands of amino acids will usually be less than i cm. deep. 

(h) SPECtF^ic Applications : Amino Acids. — ^The most spectacular applications 
of paper chromatography have been in the field of polypeptide antibiotics and 
among those examined in this way are the polymyxins,^®* gramicidin S ^®’ and 
the licheniformins.^®® The enniatins,^®® while not polypeptides but cyclic esters, 
can be discussed with this class. The amino acids present in these antibiotics 
have been identified and new natural ones discovered, and the proportions 
present and their configurations determined. The new amino acids are 
(JtY*diaminobutyric acid, found in polymyxin A (Aerosporin) by its characteristic 
position among the basic amino acids and the characteristic colour with ninhy- 
drin,^^® and the N-methyl amino acids, methyl valine, methylleucine and 
methyhsoleucine, found in the enniatins. The occurrence of more than one 
polypeptide antibiotic synthesized by a single strain of an organism (the licheni- 
formins) and by different strains (the polymyxins) is revealed when their amino- 
acid composition is determined. The other antibiotics present, so far as is known, 
no unusual qualitative features, and the reported occurrence of D- and L-forms 
of the same amino acid in one molecule is resolved by the discovery that the 
antibiotic ;(gramicidin) is a mixture. 

The identification of free amino acids in normal and abnormal animal 
tissues, including tumours, in the secretions of normal and diseased 
mammals ^®® and in the haeinolymph of insects,^^® serves as an introduction 
to the enormous scope opened out f 01^ future investigation. In the plant world, 
the following of amino-acid metabolism by ordinary paper chromatograms 
and those obtained after introduction of radioactive tracer elements has 
been begun. The amino-acid compositions of biologically important proteins 
and polypeptides, including the hormone insulin,®* ^^* the enzymes lysozyme, 
and streptokinase, the tissue peptide of Borsook,®’ the protamine salmine,^*® 
and the fibrous proteins wool and silk,** have all been recently examined by this 
means. 

In the study of bacteria, the smallness of the sample necessary for examination 
will prove to be the decisive factor in the development of qualitative and quanti- 
tative methods. Already studies have appeared on the occurrence of free amino 
acids in bacterial cells, on the amino-acid composition of hydro- 

lyzates,^*^ *•* on the amino-acid changes in the medium during growth, 
including uptake and secretion, and the composition of bacterial products 
such as diphtheria toxin and toxoid *** and, of course, the antibiotics mentioned 
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above. In large-scale work the production of toxic filtrates of enhanced titre 
has followed the determination of the amino-acid requirements of Corynehacterium 
dtphtherio.^^^ The quantitative examination of a bacteriophage showed that its 
composition was not significantly different from that of its host.^** 

Another field in which the amino-acid composition of a hydrolyzate is proving 
of value is that of the ergot alkaloids.^*’ These are characterized by the presence 
in aU members of D-proline, while the individuals have either L-leucine, 
L-phenylalanine or L-valine in peptide combination with the proline and either 
pyruvic acid or dimethylpyruvic acid. Even the purest preparations have been 
found to have a trace or more of amino acids pertaining to some other member 
of the group, although in less than one molecular proportion (cf. §3 (/)). In 
addition, examination of the crude as well as purer preparations of the alkaloid 
enables a good indication to be obtained of the members of the series present. 

Amino acids, whose presence has not been confirmed by isolation, have been 
reported to occur on paper chromatograms of natural products. Potato juice, 
pea juice, molasses^*® and portal blood are thought to contain y-amino- 
butyric acid, the a-isomer of which has been considered to be present in the 
urine in Fanconi syndrome, in portal blood, in hydrolyzates of Escherichia 
coli and free in C. diphtheria : Ackerman and Kirby consider that 
E. coli contains pantonine rather than a-aminobutyric acid and Proom and 
Woiwod have failed to detect any new amino acids in the hydrolyzates of 
twelve species of bacteria. This illustrates the principle, enunciated above, 
that isolation must be the criterion for the actual presence of amino acids detected 
in minor amounts on paper chromatograms. 

An advantage of the method is the ability to confirm the absence of an amino 
acid from a natural product. One of the earliest applications was to show that 
nof leucine is not present in spinal cord, and that the material long considered 
to be this amino acid, isolated by Thudichum in 1880, was actually £)JL-leucine.^** 
Hence Jones protein has been shown to be devoid of methionine.^®* 

(t) Paper Chromatography of Peptides. — Perhaps the most valuable use for 
paper chromatography in the future will be the detection and identification of pep- 
tides. Already important results have been obtained for two classes of peptides, the 
natural peptides synthesized by bacteria, including antibiotics, and the peptides 
produced by hydrolysis of natural products. The simple peptides were shown 
by Consden et al. to run on phenol-collidine two-dimensional chromatograms 
as elongated spots, almost as satisfactorily as do amino acids. Their positions 
are rather sensitive to slight changes in conditions. The use of butanol-acetic 
acid mixtures, either in one- or two-dimensions, has proved superior to either 
collidine or phenol for peptides such as the polymyxins or for peptides 
produced by enzymic degradation of insulin.®® The identification of peptides 
depends upon their amino-acid composition as revealed by removal from the 
paper, followed by hydrolysis and identification of the amino acids produced.^** 
Difficulties have frequently been encountered in removing peptides in micro- 
quantities of water and the method adopted by the author is to soak the paper 
in larger quantities of water and remove this by evaporation under diminished 
pressure. It is a safe working rule to assume any unknown spot to be a peptide 
until shown to be completely resistant to acid hydrolysis. A serious difficulty 
when working with partial hydrolyzates is the larger number of peptides 
encountered, but colour is some guide to their separate identity.®® 

An early example of the second class mentioned above was the identification 
of the order of the amino acids in gramicidin S ; four dipeptides and two 
tripeptides were identified, showing that five amino acids were joined in a cyclic 
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peptide structure. More complex structures such as insulin^ trypsinogen, the 
gramicidins and many others are now under investigation in a number of 
laboratories. 

The application to the antibiotic field was the first application to the higher 
peptides. It was found that admittedly impure preparations of polymyxin A 
(Aerosporin) gave single spots when chromatographed in butanol-acetic acid 
mixture, although stationary in butanol.** Material obtained from different 
strains of the organism could be distinguished either by the different positions 
taken up on the paper, or by differences in their amino acid composition, and 
this formed the basis of their classification.^®* ^®* The polymy^iins were 
recognized by the ninhydrin reaction or by fluorescence. The purest available 
specimens of different members of the series appear to be composite, e.g., using 
Whatman 4 paper and butanol-15 % acetic at id, polymyxins A and C, but not 
B and E, appear to be composite, while in butanol-25 % acetic acid, the latter 
are composite while the first two give single spots. 1*® Whatman 7 paper gives 
better separations of the latter. 

Another important class of natural polypeptides contains those synthesized 
by bacteria in their normal course of growth. Proom and Woiwod *** have 
shown that when grown on a standard casein hydrolyzate medium many species 
of bacteria produce material appearing on the chromatogram as strong ninhydrin- 
positive spots in positions distinguishable from the standard pattern of amino 
acids obtained for the basal medium. A number of them have yet to be proved 
to be polypeptide, but certain of them yield amino acids on hydrolysis. Their 
appearance in the medium is always associated with the disappearance of one 
or more amino acids. The presence of polypeptides in the medium may be 
group-, genus-, or species -specific and may provide data for a classification 
associated with their nitrogen metabolism. The interior of the bacterium does 
not appear to contain polypeptide. 

The author wishes to express his thanks to his colleague, Mr. A. J. Woiwod, 
for much helpful discussion and to Mr. J. Balston for useful information 
concerning the manufacture of paper. Valuable technical assistance was 
given by Mr. A. Davis. 

Chemical Division, 

Wellcome Research Laboratories, 

Beckenham, Kent, 

^** Jones, ibid., 1948, 43, xxvi. 

^*® Jones and Wilkinson (unpublished). 


SEPARATION OF BASES AND AMINO ACIDS BY DISPLACEMENT 
CHROMATOGRAPHY ON ION-EXCHANGE COLUMNS 

By S. M. Partridge 
Received 15th July, 1949 

Displacement chromatography possesses special advantages for preparative procedures 
since the maximum use is made of the adsorptive capacity of the column. In the 
separation of amino-acid mixtures, columns packed with synthetic resinous ion 
exchangers may be used and since these are capable of adsorbing large amounts of 
electrolyte, the throughput of a single column of moderate size may be very large 
indeed. 

Protein hydrolysates may be fractionated by first removing the aromatic amino 
acids (tyrosine and phenylalanine) by adsorption on charcoal and then displacing the 
remaining mixture from a column packed with a cation-exchange resin by means of 
a strong base such as ammonia or sodium hydroxide. A single passage serves to break 
down the mixture into seven or eight groups of components, each group containing a 
simple mixture capable of further separation either by conventional methods or by 
variations of the initial procedure. 
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The object of the work which forms the subject of this paper was 
primarily to develop a preparative scale procedure for the isolation of bases 
and amino acids from biological extracts of various kinds and from the 
hydrolysis products of proteins. The use of ion-exchange separations for 
the quantitative analysis of such mixtures has not yet been examined in 
any detail. 

The principle of displacement development was introduced by Tiselius ^ 
in 1943 and has been applied with success to chromatographic separations 
on adsorbents such as charcoal and alumina. The work reviewed here, 
which has been published (in part) in a series of papers ^ ^ ^ was based very 
largely on the theoretical background developed by Tiselius and Glaesson.^. 

The displacement method applied to ion-exchange columns is of particular 
value for preparative work since very large amounts of material may be 
placed on the column. The usual procedure is to pass into the filtration 
tube sufficient of the mixture of organic electrolytes to saturate about 



Pm. I.— /eo-Karb 215 ; adsorption of Na'*' from a range of buffers containing NaOH 
(0 053 N) adjusted to pH i2-i-pH i*i by the addition of acids. 


one half of the column. Where a cation-exchange resin is used the dis- 
placement developer is a solution of a base that has a higher affinity for the 
column material than any of the components of the mixture. This is 
introduced onto the top of the filtration tube and, as it displaces the compo- 
nents down the column, they separate into discrete bands, and arrange 
themselves in order so that each component is displaced by the next strongest 
base. 

1. Properties of the Resin in Relation to the Displacement Chromato- 
gram. — (a) The ion-exchange resin that has so far been adopted for most of 
the experiments with amino acids is the Permutit product Zeo-Karb 215. The 
properties of this resin may be described by reference to a titration curve (Fig. 1). 
In carrying out experiments designed to assess the behaviour of resins we have 
usually preferred to rely on direct observation of columns rather than on 
equilibrium studies. Thus the points given in Fig. i were determined by 

Tiselius, Ark. Kenii, Min. Geol. A, 1943, 16, No. 18. 

* Partridge and Westall, Biochem. 1949, 44, 418. 

® Partridge and Brimley, Biochem. J., 1949, 44 > 513. 

* Partridge, Biochem. I949. 44 » 521. 

® Claesson, Ark. Kcmi, Min. Geol. A, 1946, No. i. 
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measuring the breakthrough volume of various buffers containing a fixed 
concentration of sodium hydroxide adjusted to various pH values between 
and 1 2 -I by the addition of various acids. The curve is obviously a titration 
curve, but difiers from the usual form in that the concentration of sodium ion 
is constant. The portion of the curve between pH i and pH 7 is due to the 
titration of the sulphonic acid radicles of the resin, and that between pH 7 
and pH 12 is due to the titration of phenolic hydroxyl groups. Thus between 
pH I and pH 7 the resin reacts as though it were mono-functional, but at higher 
pH values a range of weakly acidic groups is titrated. The curve suggests 
that some of the phenolic groups are more strongly acid than would be expected 
from the published pK value of phenol, and this may be due to modification 
of the phenolic groups by oxidation. 



Fig 2. — Retention of a number of bases and amino acids on 2^-Kc^b 215 (80-100 
mesh). The experiments were carried out with a column 8*5 mm. diam. containing 
1*44 g. resin (dry wt.). I, ammonia ; II, lysine ; III, histidine ; IV, creatinine ; 
V, glycine ; VI, glutamic acid ; VII, aspartic acid. 


(b) Fig. 2 shows a number of adsorption isotherms obtained with various 
bases and amino acids, again by measurement of the breakthrough volume in 
column experiments. The adsorption of the various components is clearly 
determined to a great extent by the pH of the solution applied to the column, 
and the amount of each component adsorbed follows, more or less, what would 
be expected from the titration curve. All the natural amino acids are adsorbed 
• from purh solution by Zeo-Karb 215, including aspartic and glutamic acids, 
the isotherms of which lie below that of glycine. 

By use of the graphical method of Tiselius and Claesson ® the curves given 
in Fig. 2 may be us^ for the determination of the concentration at which the 
components in a displacement experiment leave the colunm. This method 
has been found to give good results with mixtures of amino acids displaced with 
barium hydroxide or ammonia. 
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(c) Fig. 3 shows the results of one of the earliest experiments in which the 
displacement technique was applied to the problem of separating organic bases 
on a column packed with a cation-exchange resin (Bendall, Partridge and Westall) .® 
A solution containing glycine and creatinine was applied to the colunm and was 
displaced with ammonia. The shape of the fronts and the position of the bands 
were determined by continuous measurement of electrical conductivity and 
pH of the solution flowing from the column. The results obtained by this method 
were afterwards checked by estimation of the content of glycine and creatinine 
in fractions cut from the effluent. The results obtained in this experiment, 
which was carried out with a column 10 cm. high, were quite typical, and similar 
results are obtained in experiments with a larger number of components, although 
in this case longer columns are necessary. 



Fig. 3. — Separation of glycine and creatinine on a column of Zeo-Karb 215 (80-100 
mesh). The upper part of the figure shows the changes in conductivity and pH 
of the effluent and the lower part the results of chemical analysis of successive 
fractions. The analytical results are expressed as percentage of the expected 
concentration of the component as calculated from adsorption isotherms determined 
in independent experiments. 

- - - - ohms X 10®, millivolts. 

(d) Obviously, in displacement experiments the yield of pure component 
obtained depends upon the sharpness of the boundaries of the bands. The 
effect of various factors on the widths of the boundaries has therefore been 
studied in some detail and Fig. 4 shows the effect on the width of the boundary 
of ammonia fronts due to changes in the particle size of the resin and the rate 
of flow. The co-ordinates of this diagram need some explanation : Fig. 5 is 
3 . diagrammatic representation of the concentration changes in the effluent 
from a column as the solution of a base is passed through it at uniform con- 
centration. The effluent at first consists of pure solvent and the volume of 


• Bendall, Partridge and Westall, Nature, i 947 » 374 - 
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effluent measured to the point of first breakthrough of solute is V^; V 9^ is the 
volume of liquid measured to the point at which the concentration of 
effluent solution reaches 90 % of that flowing into the column. is the retention 
volume of the column and is estimated by fixing the position of the line DB 
such that the area ABC equals the area ADE. Thus the weight of solute 
adsorbed by the resin is given by where C is the concentratiqn of the 
inflowing solution. The values for Vqq and must be corrected for a small 
volume Vi representing the volume of water contained in the apparatus before 
the experiment begins. 

It follows from proportionality that if the length of the column is L cm. and 
the width of the boundary of the band due to the solute is then 

^90 Ffto Vq , 

L ~ V, ^ 

The volumes in the right-hand side of this equation are readily measured, and 
thus X90 may be evaluated. It should be pointed out, however, that boundaries 



Kig. 4. — Showing the effect on the width of the boundary of an ammonia front due 
to changes in the particle size of the resin and the rate of progression of the 
boundary down the column. Zeo-Karb 215 : I, 20-40 mesh/in. ; II, 40-60 mesh/in. ; 
III, 80-100 mesh/in. ; IV, roo-120 mesh/in. 

in experimental columns are frequently more or less oblique and this obscurer 
the physical meaning of the boundary width when the measured values of Xg,* 
are of the same order as the distortion produced by irregularities in packing. 
Boundary widths greater than 3-4 cm. may be measured with a fair accuracy, 
and in this case X90 may be correlated directly with the rate of the exchange 
reaction taking place on the resin. If the downward rate of progression of 
the boundary is 5 cm. /hr. and the boundary width is X cm. then the time (in 
hours) required for completion of the exchange reaction on any particle oi 
resin is X/ 5 . 

Inspection of Fig. 4 shows that the boundary given by dilute ammonia solution 
is very roughly proportional to the rate of progression S except at low values 
of X90. The boundary width varies with a power of the particle diameter and. 
from the data, there appears to be no advantage (under the conditions envisaged ' 
in using finer resin than 80-100 mesh/in. In general, resin of this particle si:^ 
has been used for fractionation experiments with small columns, but in experi- 
ments with long columns, where the resistance of the resin bed to the flow oi 
solvent is an important consideration, we have usually used 40-60 mesh/in. 
resin. The rates of flow in these experiments have been adjusted to correspond 
with rates of progression of the boundaries of 10-15 cm. /hr. 
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The values of X^o given in Fig. 4 refer to the boundary of the ammonia front 
when the ammonium ion is displacing the hydrogen ion from the acid form of 
the resin. However, X90 may also be measured for the case where one base 
displaces another from the column. Thus X90 may be measured for the glycine- 
ammonia boundary, by saturating the column with glycine and displacing it 
with ammonia. Generally, such boundaries are a little wider than those 
obtained with the hydrogen form of the resin, but all such boundaries are of 
the same order of width. Thus when a series of components are displaced 
down a long column, and sufficient time and column length have been allowed 
to ensure that separation is complete in each case, the widths of the boundaries 
between the various components are of the same order, and in most experiments 
with weak bases the values vary from 0'5 cm. to 3 cm. It should be made clear, 
however; that the symbol X90 refers specifically to the condition of flowing 
equilibrium after separation is complete, and that the conception serves little 
useful purpose where two components of similar affinity for the resin undergo 
a progressively increasing separation as the}* pass down the column. 



Pig. — Concentration changes in the effluent from a column packed with a cation- 
exchanger during the passage of a solution of a base (diagrammatic). An explana- 
tion of the symbols appears in the text. 

(c) With Zeo-Karb 215 it is found that where strong bases are used the 
values for X90 may become very large indeed, and for that reason it is impracticable 
to. use ^is resin for bases stronger than ammonia. The reason for this effect 
of strong bases is clear from the experiment illustrated in Fig. 6. The curves 
show the shape of the boundaries obtained by passing through a column a 
series of buffers containing equal concentrations of sodium ion, but adjusted 
to different pH values by use of a range of weak acids. It will be seen that 
the boundaries are very sharp from pH 1-7 but get progressively wider as the 
pH rises from 7-12. At high pH values the boundaries are obviously quite 
useless for the purpose of separation experiments. If tins diagram is compared 
with the titration curve (Fig. i), it will be seen that the boundaries become 
more diffuse as the phenolic hydroxyl groups are titrated. Thus in alkaline 
solution the resin behaves as if it were a mixture of two ion exchangers, one 
reacting very rapidly and the other very slowly. This feature of the resin is a 
serious disadvantage since it limits the range of pH over which practical 
operations are possible. 

2, Separation of the Amino Acids of a Protein Hydrolyzate. — When 
the number of components in the mixture is small the various boundaries 
fiowing from the column may be located by following changes in electrical 
conductivity and pH by means of cells placed in the path of the effluent, but 
with a complex mixture such as a protein hydrolyzate this method is insufficiently 
sensitive and it is necessary to resort to other means of following the changes 
in composition of the effluent. In recent work the method adopted has been 
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to divide the effluent arbitrarily into a large number of equal fractions, and to 
carry out on ej^h fraction a qualitative analysis by means of the fllto-paper 
technique described by Consden, Gordon and Martin.’ 

In a t3q)ical experiment the HCl-hydrolysis product of commercial egg albumen 
(64 g.) was fractionated on a column of Zeo-Karb 215. Since the anodno acids 
tyrosine and phenylalanine behave irregularly on the column, these were first 
removed by adsorption on prepared charcoal. A partial recovery of tyrosine 
and phenylalanine was obtained by eluting the charcoal with aqueous phenol- 
acetic acid.® Treatment with charcoal had a further advantage since soluble 
humin was removed and the charcoal filtrate was clear and colourless. 

The column of Zeo-Karb 215 was in two sections, each 82 cm. high and each 
containing 200 g. of the resin. The mixture of amino-acid hydrochlorides 
(containing a small excess of hydrochloric acid) was applied to the column, 
and the mixed band so obtained was developed by displacement with 015 N NHa ; 
the effluent solution was collected by means of an automatic arrangement in 
64 fractions, each of 90 ml. The flowing chromatogram was analyzed by paper 



Fig. 6. — ^Volume-concentration curves showing the shape of the fronts obtained on* 
Zeo-Karb 215 (80-100 mesh/in.) with buffer solutions containing Na"^* 0*53 N 
and various anions. I, NaCl -f HCl (pH i*i) ; II, NaCl -} HCl (pH 2-1) ; III, 
NaAc -f HAc (pH 47) ; IV, NaH2P04 -f NaOH (pH 6*9) ; V. boric acid -f- NaOH 
(pH 9*35) ; VI, boric acid -1- NaOH (pH ii) ; VII, NaOH (pH 12'5). 

chromatography and the result showed the presence of seven discrete bands : 
I, aspartic acid ; II, glutamic acid, serine and threonine ; III, glycine and 
alanine ; IV, valine and proline ; V, leucine, isoleucine, methionine and cystine ; 
VI, histidine and glucosamine ; VII, lysine. Arginine has a greater affinity 
for the resin than ammonia and thus it remained on the column. 

The results of the separation are illustrated by Fig. 7, which is a diagrammatic 
representation of the paper cln-omatograms. It will be observed that the 
overlapping portions between the various mixed bands are all of similar width. 
This indicates that sufficient column length was allowed to complete the separa- 
tion between the mixed bands ; there is indication of partial separation of 
some of the components withiA the mixed bands but, obviously, a column of 
great length would be required to effect the complete separation of all the 
components of a protein hydrolyzate in a single passage. 

However, displacement chromato^aphy may be used to effect a further 
separation of the components of the individual bands by modifying the experi- 
mental conditions. Some of the possible modifications that have been investi- 
gated are as follows : (i) the use of a water-soluble organic solvent such as* 
ethanol or acetone in order to modify the ionization of the carboxylic acid groups* 


’ Consden, Gordon and Martin, Biochem. J., 1944, 3 ®^ -*24. 
® Schramn and Primosigh, Ber,, 1943, 76, 373. 
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in the amino acids.* (ii) The choice of a solvent mixture having a water-solvent 
partition in favour of the amino acid it is desired to separate.* (iii) The choice 
of a second ion-exchanger with different properties from that effecting the first 
separation (e.g., the use of an anion-exchange column to follow a separation 
carried out on a cation-exchange column).* (iv) The properties of one or more 
of the components may be modified by chemical means.* 

The actual isolation of the amino acids in a crystalline form is a very simple 
matter since they appear in the effluent solution in an isoelectric condition, 
substantially free from salts. With aspartic acid, this appeared (in the experi- 
ment described above) at a concentration rather in excess of its solubility, and 
a heavy crop of crystals formed in the receivers soon after they were filled. 
The other amino acids and amino-acid mixtures were recovered by evaporating 
the solution to small bulk and even without recrystallization, they were in a 



Fig. 7. — Fractionation of a protein hydrolyzate. Analysis of the effluent obtained 
from a column of Zeo-Karb 215 by displacing the mixture of amino acids with 
dilute ammonia solution. The upper portion of the figure shows an analysis 
carried out by means of filter-paper chromatography, while the lower portion 
shows the corresponding variations in pH and conductivity. The brackets include 
fractions collected together for treatment on secondary columns. 

— • — conductivity, — x — . pH. 


substantially pure condition. In all, 46 % of the original protein dry weight 
was recovered as crystalline amino acids in this experiment, either as the pure 
substances or as simple mixtures, but it is obvious that this recovery could be 
very considerably increased by use of longer columns and by returning the mixed 
fractions forming the boundaries of the bands for refractionation in subsequent 
experiments. 

At the inception of these experiments it was not expected that separations 
would take place among the homologous mono-carboxylic mono-amino acids 
since they are alike in acidic and basic dissociation. It has been pointed out * 
that when the displacement developer is a free base, the order of displacement 
reflects the ability of the stronger base to control the pH of the aqueous phase 
and thus to depress the cationic form of the weaker bases. However, Davies • 


• Davies, Biochem. J., i949* 45i 3^. 
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showed that while the controlling equilibrium in the case of the amino acids 
may be represented by 

A+ ^ -f H- , . . . , (2) 

in addition there may be at least two further factors affecting the adsorption 
of an amino acid by the resin : (i) van der Waals* forces between the resin 
and the cation A+ or the neutral molecule and (ii) the valency of the cation. 
From the fact that, in protein hydrolyzates, separations occur between alanine 
and valine and between valine and leucine it appears that the effect of van der 
Waals’ forces is not inconsiderable. 

3 . Displacement with Solutions of Salts. — Since the mechanism of 
adsorption by the resin depends upon more than one physical property, it is 
clear that by altering the environment of the ions in the ambient phase it would 
be possible to exaggerate the effect of one of these properties at the expense 
of the others and thus to produce conditions in which the order of displacement 
is altered. Thus by using a dilute solution of a salt as displacement developer 
the pH of the ambient fluid would be lowered and eqn. (2) would lie entirely 
to the left. 

When a solution of a salt is introduced onto a column containing an adsorbed 
mixture of amino acids, the cations of the salt are adsorbed and the anions 
are releaised together with the cations of the displaced amino acids. The high 
acidity thus set up results in the mechanism depending upon eqn. (2) becoming 
inoperative and the mutual displacement of the amino acids is thus controlled 
by mechanisms (i) and (ii) only. In this case, as would be expected, the divalent 
ions are strongly adsorbed and the observed order of appearance of the cations 
in the effluent when o i M NaCl is used as the displacement developer is as 
follows : glucosamine, Na ’ , leucine, histidine, lysine. Thus by use of a salt 
instead of a free base as displacement developer the order of glucosamine and 
leucine is reversed and this effect has been used to secure the separation of 
both glucosamine and histidine from the hydrolysis product of a protein.^® 

4. Use of Resins of the Sulphonated Polystyrene Type. — The effect 
of phenolic hydroxyl radicles in modifying the rate of exchange under conditions 
of high alkalinity is a serious disadvantage and is inherent in resins of the 
sulphonated phenol-formaldehyde type. The presence of such groups prevents 
the effective use of the phenol-formaldehyde resins for separations involving 
the important amino acids lysine and arginine, and in order to avoid this 
difficulty, the use of sulphonated polystyrene resins is being investigated. The 
experiments are being carried out in collaboration with Dr. Pepper and his 
colleagues at the Chemical Research Laboratory, Teddington. The results to 
date show that not all styrene polymers are effective, and that the rate of 
exchange depends very critically upon the degree of cross-linking of the resin. 
Lysine and arginine have been separated effectively both from the mixture in 
pure solution and from the products of protein hydrolysis, but it proved necessary 
to use a lightly cross-linked form of the resin, and tliis introduced difficulties 
due to the high degree of hydration of such samples. Resins containing only a 
small percentage of the cross-linking monomer, divinyl benzene, suffer large 
volume changes with changes in the ionic strength of the liquid phase, and 
special precautions are necessary to prevent disturbance of the column-packing 
during the course of the fractionation. 

General Conclusions. — Although the work is still incomplete it is 
already clear that the displacement technique shows considerable promise 
as ,a systematic method for the separation of organic electrolytes on a 
preparative scale. The commercial cation-exchange resin Zeo-Karb 215 
has been found satisfactory as a column-packing for the primary separation 
into groups, but where strongly basic substances are involved the procedure 
could with advantage include passage of the mixture through a short 
column packed with a calculated weight of sulphonated pol3^tjrrene resin^ 


10 Partridge, Biochem. 1949, 45, 459. 
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in order to retain the more basic components. The polystyrene column 
would then be displaced with sodium hydroxide solution and the Zeo-Karb 
column by means of ammonia. 

With a system such as a protein hydrolyzate, once the primary separation 
has been carried out, the resulting fractions contain a few components 
only and are easily dealt with, either by the conventional methods of frac- 
tional crystallization or solvent extraction or by further column procedures. 
Where further chromatography is indicated it is of interest that this may 
frequently be carried out by use of the same resin adopted for the primary 
separation, merely by altering the environment of the ions in the solution 
phase. Thus displacement chromatography offers a considerable advantage 
over the process of distillation, which it otherwise resembles, since environ- 
mental factors may be varied at will, and the best use may therefore be 
made of differences in the chemical structure of the components in order 
to separate them. The procedure has been tested to some extent by 
carrying out the fractionation of the products of hydrolysis of a protein, 
and in the initial work with a small column, some 45 % of the original weight 
of protein was recovered cither as pure amino acids or as simple mixtures 
which contained no contaminating impurities and were readily crystallized. 

This review was prepared, as part of the work of the Food Investigation 
Organization of the Department of Scientific and Industrial Research. 

Low Temperature Station for Biochemistry and Biophysics, 

Cambridge. 


CHROMATOGRAPHY OF STEROIDS AND OTHER COLOURLESS 
SUBSTANCES BY THE METHOD OF FRACTIONAL ELUTION 

By T. Reichstein and C. W. Shoppee 
Received i^th July, 1949 


The method for the separation of coloured substances called chromatography was 
developed and so named by Tswett (1906), but attracted no attention for a long time 
until revived by R. Kuhn and E. Lederer. 

Many methods have been suggested for the separation of substances which are 
colourless and give no visible reaction upon irradiation with ultra-violet light. This 
paper deals only with the technique of fractional elution as broadly applied by us 
respectively since 1933 and 1939, using almost exclusively AlgO., as adsorbent. The 
technique is quickly acquired and gives reliable results to those not deterred by its 
laboriousness. 

The mixture of substances is adsorbed on Al^Oj from a suitable solvent (as high up 
in the series given below as solubility allows), and then fractionally eluted by consecutive 
treatments with solvents of increasing eluting power. The following sequence of solvents 
has been proved efficient : pentane, petroleum ether, benzene, ether, chloroform or acetone 
(possibly ethyl acetate), methanol (only rarely with addition of water or acetic acid). 
Each fraction is evaporated separately, weighed and, if possible, characterized by 
melting point or other suitable data. 

Chromatography is an indispensable tool in steroid chemistry. In rare cases com- 
pounds are altered or destroyed during the procedure. The technique described is 
especially suitable for crystallizable, colourless compounds. Acids and polyphenols 
react with and remain firmly attached to AUOa. For the separation of such compounds 
use of SiOj, active carbon, in some cases acid-washed ALO#, etc., or partition chroma- 
tography is indicated. 

The present paper contains some observations on the practical procedure 
for chromatography by fractional elution [Durchlaufmethode) as applied by 
us since 1933 and 1939 respectively. 
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The Russian botanist Tswett observed in 1906 that mixtures of coloured 
substances could readily be separated by filtration of a solution through 
a column of a suitable absorbent followed by subsequent washing of the 
column with appropriate solvents. The components were thereby con- 
centrated in clearly defined zones, and could be obtained in a pure state by 
dissection of the extruded column. Tswett named this procedure chroma- 
tography, but it remained unnoticed until R. Kuhn and E. Lederer realized 
its significance and commenced to make full use of it. Since then chroma- 
tography has proved itself to be one of the most important techniques for 
separation and purification. 

It is clear that the principles used by Tswett are also applicable to the 
separation of colourless substances, but that any separation of the com- 
ponents achieved cannot directly be observed. In individual cases this 
difficulty may be overcome by irradiation with ultra-violet light and 
observation of the resulting fluorescence. When this is not possible various 
other methods have been suggested : 

(i) Arbitrary dissection of the column into small sections and examination 
of the material eluted from the individual sections. 

(ii) Painting of a narrow strip along the extruded column with reagents, 
e.g., potassium permanganate (brush method). 

(iii) Addition of, and so simultaneous chromatography with, coloured 
dyestuffs (indicator method). 

(iv) Addition of fluorescent substances to the adsorbent ; quenching of the 
fluorescent often occurs at the enriched zones. 

For the separation of colourless compounds we have invariably preferred 
to use the method of fractional elution, the technique of which will briefly 
be described. This method is quite well known, but in our opinion too little 
employed ; it is relatively time-consuming, but gives good results and is 
extremely reliable. For separations in the laboratory quantities of 30 g. 
or less are suitable ; larger quantities require semi large-scale equipment 
for the distillation of solvents. In regard to small quantities, in theory there 
is no lower limit, but in practice the separation of quantities less than 
10 mg. is infrequent because the compounds obtained are then insuflicient 
for micro-analysis. As adsorbent we have used almost exclusively aluminium 
oxide ; this is suitable for both neutral and basic substances and also for 
simple phenols. Acids and polyphenols react chemically and are extremely 
difficult to remove from the column ; for such substances the use of silica, 
charcoal, acid-washed aluminium oxide or the employment of partition 
chromatography may be more suitable. 

Experimental 

Preparation of AI2O3. — ^Activated and partly standardized AljO, is available 
commercially. Equivalent and very active preparations are obtained by heating 
technical pure Al(OH), for about three hours with stirring at 38o°-40o® ; such 
preparations always contain free alkali (or sodium carbonate) which, however, 
is usually not deleterious, and in general give the best separations. In certain 
cases these preparations are too active and lead to condensation of ketones or 
aldehydes, elimination of alcoholic hydroxyl groups, etc., but by homogeneous 
addition of moisture their activity can be reduced and standardized (e.g., by the 
use of selected dyestuffs under defined conditions q. 

Alkali-free AljOs* — ^For sensitive substances (ketones, lactones, readily 
hydrolizable esters, etc.) neutralized aluminium oxide is used. Aluminium 
oxide, prepared in the laboratory by activation at 38o°-40o® or obtained com- 
mercially, is boiled repeatedly with distilled water until the extract is neutral ; 
the filtered material is then washed with methanol and reactivated at i6o®-2oo® 

^ Brockmann and Schodder, B0r,, 1941, 74, 73. 
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(internal temperature) at 10 mm. pressure. Preparations reactivated at 200® 
are too active for many purposes, and a temperature of i8o® is generally sufl&cient. 
The product still contains traces of alkali, which are not harmful, and is rather 
less effective than the alkali-containing oxide in regard to separation. 

Neutralization is more rapidly achieved by neutralization of the first aqueous 
suspension with dilute nitric acid (use of hydrochloric, sulphuric or acetic acid 
is rather more dangerous) followed by boiling with distilled water, treatment 
with methanol and reactivation as above. The product contains nitrate ions, 
which are not always harmless. 

Regeneration. — Used aluminium oxide is repeatedly extracted, first with 
boiling methanol and then with boiling water (with addition of some sodium 
hydroxide if necessary) and subsequently treated as described above. Slight 
discoloration of the regenerated material is of no importance. 

Solvents. — The following solvents are most frequently used and in the given 
serial order of increasing elutary power : pentane, petroleum ether, benzene, 
ether, chloroform (or acetone), methanol or ethanol (possibly mixed with ethyl 
acetate- water or ethyl acetate- water-acetic acid) . All should be dry and freshly 
distilled ; commercial chloroform is stabilized by addition of i % ethanol, 
which is not removed. 

Pure methanol, water, etc., are used but little ; these solvents dissolve 
quantities of aluminium oxide, from which the fractions obtained must be 
separated. 

If the mixture to be separated is soluble in petroleum ether, the column is 
prepared in petroleum ether ; in general, the column is prepared in that solvent 
which, in the above series, precedes the solvent in which the mixture to be 
separated is soluble. 

Preparation of the Column. — A glass tube with a tap (no grease 1 ) or with 
a fused-in sintered -glass plate (porosity 4) is used (cf. Fig. i), and for i g. of 
substance 30 g. AlgOj is employed. The following sizes of tube are convenient : 


Amount AlgO* (g.J 

Internal diam. 

Usable length 

Bore of tap 


(mm.) 

(mm.) 

(mm.) 

1 

8 

no 

3 

2 

10 

130 

3 

4 

13 

160 

4 

8 

16 

200 

4 

15 

20 

250 

4 

30 

25 

300 

6 

60 

32 

400 

6 

125 

40 

500 

6 

250 

50 

600 

8 

500 

65 

750 

8 


The tube is selected so that, when the appropriate quantity of aluminium oxide 
has been introduced, it is less than half -full. 

After insertion of cotton-wool, a porcelain filter-plate or disc of wire-gauze, 
fitting the tube as accurately as possible, is introduced, followed by an accurately 
cut circle of filter-paper. The tap is then closed, and the tube filled completely 
with the chosen solvent. When all air-bubbles have been removed, highly purified 
sand is poured in to give a layer of approx, i cm. thickness, which is covered 
with an accurately cut circle of filter-paper ; 30 g. AljOg are now introduced in 
a fine stream and allowed to settle, a process which may be promoted sometimes 
by gentle tapping. The tap is opened, the solvent run out and the tube 
repeatedly refilled with the filtrate until the aluminium oxide ceases to pack 
together : it should be noted the column must always remain covered with 
solvent. The column is covered with a circle of filter-paper, on which is placed 
a small wad of cotton-wool to prevent disturbance of the column by swirling. 
Finally, the solvent is allowed to run out until the aluminium oxide just remains 
covered, and the column is ready for use. Gentle positive pressure may be 
used to accelerate the production of the column and the subsequent chromato- 
g'aphy, and is readily applied by means of the simple apparatus indicated in 



3o8 chromatography BY FRACTIONAL ELUTION 


The procedure using a tube with a sintered-glass plate is similar but simpler. 
The tube is filled with solvent and the aluminium oxide introduced directly onto 
the sintered-glass plate ; gentle positive pressure is applied as shown in Fig. i, 
and solvent allowed to run out until the column remains just covered. The 
pressure supply is disconnected, the tube refilled with the solvent and the 
process repeated until the column ceases to settle ; the column is covered with 
a circle of filter-paper on which is placed a small wad of cotton-wool, and tlie 
solvent expelled until the column remains just covered. 

The prepared column should be free from pores and should show no cracks ; 
suction is dangerous and easily leads to the formation of cracks in the presence 
of volatile solvents, and positive pressure should always be employed in 
preference to suction. 



Fig. I. 


The Actual Chromatography. — In the case of mixtures soluble in 
petroleum ether, i g. of the substance is dissolved in loo ml. petroleum ether, 
the solution allowed to percolate under gravity or gentle positive pressure through 
the column and the filtrate collected as Fraction i. Further loo ml. portions of 
petroleum ether are allowed to percolate through the column, each fraction being 
collected separately^ evaporated * and weighed. When the residue obtained by 
-evaporation weighs less than 50 mg., the ascent of the solvent series is commenced 
by use of l:>enzene-petroleum ether mixtures (starting with 10 %~20 % benzene) for 
percolation. The proportion of benzene is gradually increased to 50 %, and then 
directly to 100 %, i.e., pure benzene. Direct passage from one pure solvent to 
another should never occur because cracks in the column can arise ; when 
passing to ether and especially to methanol, very small proportions of these 
solvents (i %, 2 %, 5 %, 10 %) must be used at first. 

With a little practice, it is almost always possible to divide a mixture into 
abouj: 10 or more fractions, of which each should weigh not more than 10 % of 

♦ Standard-joint flasks and an all-glass apparatus are convenient. 
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the weight of the original mixture ; if some fractions exceed this limit/ they 
must be rechromatographed separately. 

For substances insoluble in petroleum ether, a suitable solvent must be 
chosen and the procedure is somewhat as follows : suppose, for example, the 
substance is insoluble in petroleum ether and in benzene, but soluble in chloro- 
form. The column is prepared in benzene ; i g. of the mixture is dissolved in 
10 ml. chloroform and the solution diluted with 90 ml. benzene. If a part of the 
dissolved material is thereby precipitated, the suspension is allowed to settle 
and the clear solution resulting is poured onto the column. The precipitated 
material is then redissolved in lo ml. chloroform, 90 ml. benzene added, and 
the treatment repeated until all has been dissolved ; if this takes too long, the 
proportion of chloroform can be increased, e.g., 20 ml. chloroform -f 80 ml. benzene. 

The individual fractions obtained by evaporation of each eluatc are examined 
separately ; it is usually possible to decide which are alike on the basis of m.p. 
crystal form, colour reactions, spectra, etc. Fractions containing the same 
compound are then united. 

It is generally desirable to complete a chromatographic separation in a single 
day ; for rapidity in working, a set of three flasks used in rotation — one for col- 
lection of a filtrate, one for evaporation of a filtrate and one with the residue 
being examined and transferred to a small boihng tube — is helpful. For quantities 
larger than i g., an accurate trial separation of a small sample is to be recom- 
mended, because short-cuts often become evident and can be applied to the 
treatment of the main bulk of material with considerable saving of time. 

In almost every chromatographic separation, there are observed lightly 
coloured zones caused by accidental impurities. These should be accurately 
horizontal ; inclined zones or areas exhibiting downward displacements 
indicate that the column was poorly constructed, and the separation is then 
generally unsatisfac tory . 

Presentation of Results. — Experimental descriptions of chromatographic 
separations frequently omit the essential details; the weight and activity of 
the AI2O3 employed and possibly the dimensions of the column should be specified, 
whilst the medium in which the column was constructed and the volume(s) 
of eluants should be stated. The details of the various fractions may either be 
tabulated * or may be set out in the form of a graph.* 

Discussion 

By chromatography of coloured substances, it has been possible to achieve 
results obtainable by no other method. The modification here described is 
especially suitable for the separation of colourless substances capable of 
crystallization because by means of melting points the progress of the separation 
can readily be followed without appreciable wastage of material ; in this 
connection, the use of a micro-m.p. apparatus is particularly desirable. Provided 
some Suitable control is available, the method can equally well be applied to 
the separation of liquids. Steroids, though colourless, are generally crystalline 
substances and in this field chromatography has been used with great success : it is 
in fact almost essential. In a few cases only have difficulties been encountered, e.g. : 

I. i 7 -Hydroxy- 2 o-ketones, especially those of the ly-isepregnane series, 
undergo molecular rearrangement to give Z>-homo-ke tones. This can largely be 
avoided by use of neutralized AljO, of low activity and dry solvents, and is 
completely avoided by use of the 17-acetates. 



• Reichstein and von Euw, Helv. chitn, Acta, 194I1 *4* 247. Shoppee, ibid , 1940, 

* 3 » 925; J. Chem, Soc., 1946, 1138 ; 1943, 1032 ; 1949, 1671. 

• Barton and Miller, /. Chem, Soc., 1949, 337. 



310 


CHROMATOGRAPHY BY FRACTIONAL ELUTION 


2. A*-3-ketones undergo rearrangement to A*-3-ketone8 by use of alkali 
containing AljOj, but not when neutralized AljO, is employed. 

3. Free hydroxy-ketones of the types illustrated often undergo considerable 
loss. This cannot completely be avoided by use of neutralized Al^O,, and it is 
best to chromatograph the 21 -acetates. 

CHiOH 
CO 

•H 


H 



CH2OH 

CO 

ji" 


4. 14 p : 2i-oxido-23->2i-lac tones (“ wo-compounds ") derived from heart 
poisons of the digitalis and strophanthus types undergo large losses probably 
as the result of facile fission of the 23->2i -lactone ring ; such losses are decreased 
but not completely eliminated by use of neutralized Al^Oj,. 


22 23 



5. 2o-Keto-2i->i 4-lactones suffer very large losses which cannot be avoided 
even by use of neutralized AlgOj. 



6. i6-Acetoxy derivatives of the type of oleandrigenin or digitoxigenin acetate 
eliminate one molecule of acetic acid by chromatography on many, but not all, 
preparations of AljOg. 
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7. II : i 2 -Bron^ydrins of the type illustrated eliminate hydrogen bromide to 
give up: i2p-oxides by filtration over alkaline AlgO,, but are unaffected by 
neutralized A 1 , 0 ,. 



8. The 23-bromo-24“ketone shown was found on attempted purification by 
chromatography on AlgOj, which had been neutralized by treatment with dilute 
hydrochloric acid, despite extensive washing with water after neutralization, 
to undergo ion exchange to give the corresponding chloro-ketone. 
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PARTITION CHROMATOGRAPHY OF THE TERTIARY AMINE 
SALTS OF THE PENICILLINS 

By T. Leigh 

Received 20th April, 1949 


Partition chromatography of the penicillins using a mixture of a tertiary amine 
and water adsorbed on silica gel as the stationary phase and water-immiscible organic 
solvents as the mobile phase has been investigated. On applying a solution of the free 
acids to such a column the penicillins are converted to, and emerge as, the tertiary 
amine salts. w-Heptyl, w-amyl, and p-hydroxybenzylpenicillins were readily isolated 
in the pure state from mixtures of these penicillins with A*-pentenyl- and benzylpeni- 
cillins. Resolution of the last two penicillins was very poor owing to the similarity of 
the partition coefficients of their amine salts. 

The results are compared with tliose obtained with the phosphate buffer-silica gel- 
ether system. The microchromatographic assay of Goodall and Levi was used to follow 
the progress of the separations. Five penicillins of purity > 99‘7 % have been isolated 
and the characteristics of these virtually pure penicillins arc appended. 


Early attempts to separate mixtures of penicillins by partition chromato- 
graphy were based upon the method devised by Martin and S5mge ^ for the 
separation of the amino acids. These failed because of the low solubility 
and pronounced instability of the free penicillin acids in water. The diflScul- 
ties were overcome by Levi and Terjesen ^ who applied a solution of the 
penicillin acids in ether to a column composed of silica gel impregnated with 

^ Martin and S^pige, Biochem. 1941* 35» 1358. 

•Levi and Terjesen, Brit, Pat. 569,844. 
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an aqueous phosphate buffer solution and this type of partition chromato- 
graphy has since been extensively used for the separation of the penicillins 
produced by the fermentation of P. notatum and P. chrysogenum. 

The major constituents of the mixttire of penicillins produced by the 
submerged fermentation of P. chrysogenum Q 176 in a com steep liquor- 
lactose-phenylacetic acid medium are benzylpenicillin (penicillin-II or G), 
A*-pentenylpeniciUin (I or F), w-amylpenicillin (dihydro F) and «-heptyl- 
penicillin (K) and it was required to isolate a few grams of each in the pure 
state to £^ow the determination of their more important physical and 
biological properties. Partition chromatography using potassium phosphate 
buffer and moist ether as the mobile phase afforded four fractions in each 
of which one penicillin preponderated. w-Heptyl- and benzylpenicillin were 
readily separated from w-amyl- and A^-pentenylpenicillin and rarely con- 
tained more than a few per cent, of the latter, but the resolution of «-amyl- 
and A*“pentenylpenicillin was much less efficient and the n-amylpenicillin 
fraction was often heavily contaminated with A*-pentenylpenicillin. The 
sparing solubility of certain amine salts of benzylpenicillin and the relatively 
much greater solubility of the corresponding salts of «-heptylpenicillin in 
solvents such as acetone and ethyl acetate suggested that the separation 
of the penicillins might be more easily accomplished by partition chromato- 
graphy of these salts using water adsorbed on silica gel as the stationary 
phase and a water-immiscible solvent as the moving phase. 

On applying a solution of a tertiary amine salt of the mixed penicillins 
to such a column the tertiary amine was adsorbed by the silica and the 
penicillins travelled down as the free acids, separation was poor and some 
decomposition of the penicillin acids occurred. 

Moist silica gel is capable of adsorbing appreciable amounts of organic 
bases. Thus one part of silica gel impregnated with 70 % of its weight of 
water adsorbed 0*05 part of N-ethylhexamethyleneimine when treated with 
a solution of the base in an organic solvent ; the base was not removed on 
washing the silica with neutral organic solvents and a slurry of the treated 
silica with water had a pH of 7*5-8*o. Chromatogram columns of silica 
impregnated with water and various amines were prepared and solutions of 
the penicillins, either as their amine salts or as the free acids, in suitable 
solvents were charged. On eluting these columns the penicillins passed 
through in the same order as through a phosphate buffer-silica gel-ether 
column and emerged as the tertiary amine salts. Because of the low solubility 
of some of the mixed penicillin salts it was found more convenient to use 
solutions of the free acids. In the latter case the penicillins are converted 
to their amine salts at the top of the column by combination with the amine 
contained on the silica gel. The efficiency of the chromatographic separation 
did not vary with the method of application. Owing to the instability of the 
penicillins towards primary and secondary amines only tertiary amines were 
used. Triethylamine, N-ethylpiperidine and N-ethylhexamethyleneimine were 
employed for the preparation of the chromatographic columns and ethylene 
dichloride, chloroform, ethyl acetate and w-butanol were tried as eluting 
agents. 

«-Heptylpenicillin was very easily separated from the other penicillins 
by using any combination of the above solvents and bases. For the separation 
. of w-amylpenicillin from the remaining penicillins it was necessary to use a 
solvent in which the penicillin salt had only a sparing solubility comp^ed 
with its solubility in water and the most efficient system of those examined 
was that with N-ethylhexamethyleneimine and wet ethyl acetate. For the 
isolation of those penicillins with the saturated side chains, i.e., n-heptyl- 
and w-amylpeniciUins, this method proved to be more efficient than partition 
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chromatography of the mixed acids with phosphate buffer and ether. Com- 
parison of the two types of partition chromatogram showed that for the 
same ratio of penicillin to weight of silica gel the resolution was sharper and 
a smaller number of chromatographic separations were required for the 
isolation of the pure penicillins. Less destruction occurred and the total 
recovery of penicillin was 10 %~20 % higher than with the phosphate buffer- 
ether column. The higher recovery is probably associated with the fact that 
during the separation the penicillin is wholly in the form of the stable tertiary 
base salt and not as the free acid. The efficiency of the separation was the 
same whether the starting material was a mixture of the pure penicillins 
or a crude mixture containing some 40 % of biologically inactive impurities. 
Improved separation from impurities was also obtained with this type of 
partition chromatogram. Thus pure crystalline salts of w-heptylpenicillin 
were readily obtained from crude penicillin mixtures but the corresponding 
fractions from the phosphate buffer-silica-ether columns could not be induced 
to crystallize owing to heavy contamination with impurities. 



Fio. I — Fractionation of mixed penicillins. 

N-ethylhexamethyleneimine salt partition chromatogram. 

The tertiary amine-water-organic solvent systems described above failed to 
separate A^-pentenylpenicillin from benzylpenicillin despite the very great 
difference in solubility of their salts in solvents such as acetone and ethyl 
acetate. It was presumed that a similar relationship existed between the 
solubilities of these salts in water and their partition coefficients between 
water and ethyl acetate at pH 7*0 were found to be approximately equal. 
Since excellent separation of these two penicillins can be achieved by means 
of the phosphate buffer-silica-ether column ® no attempt was made to devise 
another partition system. 

The method has only been used for the separation of the penicillins, but it 
should be capable of adaptation to the separation of other mixtures of 
organic acids by the choice of suitable amines and eluting agents and, if 
necessary, replacement of the stationary phase by other polar solvents and 
might be of particular value in chromatography of mixtures of acid‘s which, 
like the penicillins, are only stable in the form of their salts in hydroxylic 
solvents. 

Experimental 

In a typical experiment a stirred suspension of silica gel (500 g.) in ethyl 
acetate (1500 ml.) was treated with water (350 ml.) over J hr. and N-ethyl-. 
hexamethyleneimine (25 ml.) was added to the slurry. The suspension was 

• Boon, Calam, Gudgeon and Levi, Biochem, 194^* 43 » 262. 

L* 
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charged to a chromatogram tube, allowed to settle i hr., and the effluent ethyl 
acetate recycled till the column depth (37 cm.) was constant. A mixture of 
crystalline sodium penicillins (15 g.) was dissolved in water, the solution was 
acidified and the acids were transferred to ethyl acetate (100 ml.). This solution 
was run on to the column which was then developed and eluted with wet ethyl 
acetate. Twenty 1000 ml. fractions were collected from the moment the 
ethyl acetate solution was run on to the column. The penicillin content of the 
fractions was conveniently estimated by measuring the optical activity in a 
2 dm. tube using sodium light and the relationship between optical activity and 
fraction number is shown in Fig. i. 

The first 6 1. of eluate contained almost pure n-heptylpenicillin, the next 4 1. 
had almost zero optical activity and were discarded, the eleventh to the fifteenth 
litre constituted the w-amylpenicillin fraction and the last 5 1. contained 


TABLE I 

Fractionation of Mixed Penicillins — N-ethylhexamethyleneimine Salt 
Partition Chromatogram 



Percentage 

Percentage composition 

Penicillin 


starting 

material 

/>-hydroxy - 
benzyl 

benzyl- 

A*-pentenyl- 

w-amyl- 

«-heptyl- 

Starting 

material 

— 

0*3 

4-7 

20*0 

38-0 

37*0 

Fraction i 

34 

— 

0*5 


07 

98-3 

Fraction 2 

31 

— 

0*6 

... 

no 

88-0 

0-4 

Fraction 3 

10 


60 

I . 1 

34-0 

6o*o 

— 

Fraction 4 

13 

— 

1 13*0 • 

i i 

i 

75-0 1 

12-0 

— 

Total 

recovery of 
penicillin 

88 i 

i 

1 

1 

[ 

i i 

i 

i ! 

: i 

1 

i 

1 


The above percentages are expressed on a weight basis. 


largely A*-pentenylpeniciIlin together with some benzylpenicillin. Four fractions 
were evaporated to dryness under reduced pressure and the composition of the 
fractions determined by the microchromatographic method of Good all and 
Levi.* Details of the composition of the starting material and the four fractions 
are given in Table I. 

The ^-hydroxybenzylpenicillin was left near the top of the column ; it was 
quite free from contamination by other penicillins. w-Heptylpenicillin of purity 
> 99*9 % was obtained by rechromatographing fraction i . The overall yield 
of pure w-heptylpenicillin from tlie starting material, including a recrystallization 
of the product from the second chromatogram, was 68 %. A further chromato- 
gram with fraction 2 yielded w-amylpenicillin of purity 96 %, the remaining 
4 % consisting of A*-pentenylpenicillin and a final cliromatogram yielded «-amyl- 
penicillin of purity 99 *7 %. After conversion to the sodium salt and recrystalliza- 
tion the overall yield of pure w-amylpenicillin from that contained in the starting 
material was 26 %. 

The progress of the fractionation of a similar mixture of penicillins by the 
phosphate bufier— silica gel-ether method described by Boon et aL^ using amounts 
of penicillin and silica gel comparable with those used in the N-ethylhexa- 
methyleneimine salt partition chromatogram is indicated in Fig. 2. 

* Goodall and Levi, Analyst, 1947, 7*» 277. 
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In the preparation of this t3^e of column it was found advantageous to * pour * 
the column with ethyl acetate instead of the denser ethylene dichloride used 
by the above authors. Silica gel columns prepared in this fashion showed no 
tendency to ' crack ' after replacement of the first solvent with ether. The 
eluate was divided into three fractions as indicated in Fig. 2, and a fourth 
fraction was obtained by washing the silica with water. The penicillin contained 
in the aqueous extract was transferred to ether and the four ethereal solutions 
were dried, concentrated under reduced pressure and treated with triethylamine 
to precipitate the penicillins. Details of the composition of the starting material 
and the four fractions are given in Table II. 

Total recovery of penicillin from these columns averaged 70 % when the 
separation was performed at room temperature (23° C). The yield was increased 
to over 80 % when the partition was effected at 5° C. Further purification of the 
n-heptylpenicillin fraction was accomplished by raising the pH of the potassium 
phosphate buffer to 6*9 and after a second column treatment the amylpenicillin 
content was reduced to 2 %. A second pH 6*5 phosphate buffer column treatment 

TABLE II 

Fractionation of Mixed Penicillins — pH 6*5 Phosphate Buffer-silica- 

ether Chromatogram 


Percentage composition 
Penicillin 



. /)-hydroxy- 
benzyl- 

benzyl- 

A*-pentenyl- 

w-amyl- 

w-hept}’!- 

Starting 

material 

I 2-4 

1 

11*0 

28*0 

28*0 

306 

Fraction i ' I 

. i . ! 1 

1 1 

14*0 

860 

j 1 1 

Fraction 2 ! 1 

1 1 ! 

1 

I 21*0 

71*0 

8-0 

Fraction 3 

i 

1 

I 

5*0 

78*0 

17*0 


Fraction 4 

! 2*0 

730 

250 




of tlie M-amylpenicillin fraction yielded a main fraction containing 90 % of this 
penicillin and 10 % of A^-pentenylpenicillin and a third column gave n-amyl- 
penicillin of 97 % purity. Almost pure benzyl- and A^-pentenylpenicillins were 
obtained on rechromatographing fractions 3 and 4 respectively. 

Two criteria were used for assessing the purity of the individual penicillins. 
Each penicillin was examined for contamination by other penicillins by the 
microchromatographic assay of Goodall and Levi.* This method readity detected 
the presence of other penicillins when these were present to the extent of more 
than 0*1 %. The second criterion was the specific rotation and each penicillin 
was recrystallized till this had a constant value. \Vith the exception of A*-pen- 
tenylpenicillin the molecular rotations of the penicillins were the same within 
the limits of experimental error (i 0-5 %). In the following descriptions of the 
properties of the penicillins isolated by the above methods the potencies were 
determined against 5 . aureus N.R.R.L. 313 and an untyped strain of B. subtilis 
by the cylinder plate method and against 5 . aureus N.C.T.C. 6571 by the turbidi- 
inetric method, using pure sodium benzylpenicillin as standard. All melting 
points are corrected. 

n-HEPTYLPENiciLLiN. — The anhydrous sodium salt melted with decomposition 
at 185® and had 296® (C = i-o % in water) or a molecular rotation of 

107,000®. Triethylammonium w-heptylpenicillin melted sharply without obvious 
decomposition at 117®. Microchromatographic assay showed the material to be 
free from other penicillins and the potencies of the anhydrous sodium salt were : 
5 . aureus N.C.T.C. 6571, 2850 u/mg. ; S. aureus N.R.R.L. 313, 2255 u/mg. ; 
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B. suhtilis, 845 u/mg. The corresponding n-heptylpenillic acid had m.p, 179® 
(with decomposition ; put in bath at 150®) and [a]??, 489® (C = i % in o*i N 
sodium bicarbonate). Confirmation of the identity of the penicillin was obtained 
by hydrolysis to »-octoic acid in 80 % yield. 

w-Amylpenicillin. — The triethylamine, N-ethylpiperidine and N-ethylhexa- 
methyleneimine salts were extremely difficult to crystallize and the only pure 
crystalline salt prepared was the sodium salt : m.p., 188® (decomp.) ; 

319® (C == 0*5 % in water) ; molecular rotation, 107,200®, By microchromato- 
graphic assay it contained not less than 99*7 % of w-amylpenicillin. Potencies of 
Sie anhydrous salt were : S. aureus N.C.T.C. 6571, 1680 u/mg. ; S. aureus 
N.R.R.L. 313, 1670 u/mg. ; B. subtilis, 660 u/mg. A preparation of the penillic 
acid from this material had m.p. 182® and [a]^®, 534° (C = i*o % in water). 
n-Caproic acid was obtained in 80 % yield by acid hydrolysis of the penicillin. 

A*-Pentenylpenicillin. — ^This penicillin was isolated by means of the 
phosphate buffer chromatogram. The sodium salt had m.p. 212® (decomp.) ; 
[a]®/, 296° (C = 1*0 % in water) or a molecular rotation of 98,900®. Partition 
chromatography of the N-ethylhexamethyleneimine salt between ethyl acetate 
and water and subsequent recrystallization of this salt yielded crystals of the 
same molecular rotation. The N-ethylpiperidine and N-ethylhexamethyleneimine 



Fig. 2 — Fractionation of mixed penicillins. 
pH 6*5 phosphate buffer-silica-ether chromatogram. 


salts melted without obvious decomposition at 131° and 115®, respectively. 
Examination by the microchromatographic assay method indicated a A*-pen- 
tenylpenicillin content of not less than 99-9 %. The potencies of the anhydrous 
sodium salt were : S. aureus N.C.T.C. 6571, 1930 u/mg. ; B. subtilis, 970 u/mg. 
Catalytic hydrogenation by the method of Catch, Cook and Heilbron ® yielded 
w-amylpenicillin and treatment of the penicillin in aqueous solution with mercuric 
chloride • yieWed p-hexenoylaminoacetaldehyde which was identified as the 
dinitrophenylhydrazone. 

Benzylpenicillin. — The pure N-ethylpiperidine salt had m.p. 163°. Sodium 
benzylpenicillin melted with decomposition at 225® ; 303° (C = 1*0 % in 

water) or 107,900°. 

^-Hydroxybenzylpenicillin. — ^Unlike the foregoing tertiary amine penicillin 
salts triethylammonium ^-hydroxypenicillin melted with effervescence {143®). 
The sodium salt, [a]®jj® — 290®, [M]®if = 107,700®, had the following potencies : — 
5 . aureus N.C.T.C. 6571, 1090 u/mg. ; B, subtilis, 766 u/mg. The ^-hydroxy- 
benzylpenicillin content was > 99 9 %. 

Imperial Chemical Industries Ltd., 

Research Laboratories, 

Hexagon House, 

Manchester, 9. 

* Catch, Cook and Heilbron, Brit. Pat. 584,852. Improvements in and relating to 

manufacture of penicillin derivatives. 

* The Chemistry of Penicillin (Oxford). 



BIOLOGICALLY ACTIVE SUBSTANCES IN LIVER EXTRACT 

By E. Lester Smith 

Received July, 1949 

Chromatography has been invaluable in the isolation of the anti-pemicious anaemia 
factor (vitamin Bj,) from liver. Adsorption chromatography of aqueous solutions on 
charcoal, silica, alumina and aluminium silicate has been employed ; also partition 
chromatography on moist silica, starch and filter-paper, using butanol and other solvents. 
Propajiol (n- or iso-), though completely miscible with water, gives satisfactory partition 
chromatograms with damp silica as base. Adsorption on the silica base is superimposed 
on partition and affects the rate of travel of bands on the chromatograms ; nevertheless, 
partition remains the dominant factor. 

Partition chromatography of purified liver extracts on silica, or starch, often reveals 
two pink zones ; the faster one is due to vitamin Bj„ the other to a related substance. 
On rechromatographing either zone, both reappear ; this is presumably due to loose 
association between the two pij^ments. 


The liver is a remarkable storehouse of vitamins and growth factors, and 
chromatography has been used in isolating many of them. The fat-soluble 
vitamins A and D have, for example, been concentrated chromatographically 
from fish-liver oils. Vitamins of the B group including vitamin and 
pteroylglutamic acid have been concentrated from mammalian liver by 
chromatograpliy of aqueous extracts on ion-exchange resins and other 
substances. The present paper is concerned with the anti-pemicious anaemia 
factor, vitamin Bi2> and certain related factors. 

Vitamin B^g was first isolated in crystalline form by Rickes et al,^ by 
methods that have not yet been disclosed. Within a few weeks it was in- 
dependently isolated at Glaxo Laboratories ^ ^ following progressive puri- 
fication by adsorption and partition chromatography. Subsequently it has 
been isolated by Ellis, Petrow and Snook ^ after chromatography on a 
different adsorbent, namely, aluminium silicate. Details of our methods of 
isolation, and an account of the properties of this remarkable red cobalt 
complex of exceptional biological potency, will be published elsewhere. 

Certain features of the chromatographic procedures, however, have more 
general interest and application. A chromatogram is usually made in a tube 
very much greater in height than in diameter. With a finely divided adsorbent 
charcoal, however, we have often found it expedient to make these dimen- 
sions of the same order, or even to have the diameter much greater than the 
height ; for instance, we have used beds only a few cm. in depth and up to 
a metre or more in diameter. Our experience with vitamin B ^ 2 has paralleled 
that with penicillin.^ In both instances a chromatographic effect can be 
demonstrated, even with such shallow beds of charcoal ; a higher proportion 
of the active principle is adsorbed from a crude aqueous liquor by passing it 
through a pre-formed bed than by stirring it with the same amount of 
charcoal ; similarly, less loss of active principle occurs on washing the bed 

* Rickes, Brink, Koniuszy, Wood and Folkers, Science, 1948, 107, 396. 

* Lester Smith and Parker, Biochem. /., 1948, 43, P. 8. 

* I.^ster Smith, Nature, 1948, 162, 144. 

* Ellis, Petrow and Snook, J. Pharm, Pharmacol,, 1949, 1. 287.. 

* Lester Smith, J, Soc. Chem. Ind., 1946, 65, 308* 
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with water or with a mild eluting agent (to remove weakly adsorbed im- 
purities) than if it were stirred with the adsorbate. The main advantage of 
the shallow beds lies in their capacity for rapid treatment of very large 
volumes of liquor containing valuable but unstable solutes. 

Precipitated silica is a weak adsorbent that has some value for further 
purifying material already containing a few per cent, of vitamin We 
were interested to see whether its adsorptive power could be increased 
usefully by the technique of Tiselius, ® namely, the addition to the aqueous 
solution passed through the column, and to the developing liquid, of an 
inorganic salt at a concentration just insufficient to salt out the solute. On 
increasing the concentration of ammonium sulphate up to half-saturation, 
on a series of columns, a progressive sharpening of the red band was observed, 
and correspondingly an increase in the capacity of a column of given size. 
However, persistent impurities (mainly peptides) were not separated much 
more effectively than they were without the ammonium sulphate. 

Partition chromatography on moist silica with butanol and other solvents 
has been one of the most valuable steps in concentrating vitamin B ^ g. By 
its means a dark brown (but already highly purified) liver extract could 
readily be resolved into yellow, pink and brown fractions, of which the pink 
one carried almost the whole of the anti-anaemic activity. Subsequent 
operations were then simpler because the active fractions could be located 
by their red colour. Early attempts to set up these partition chromatograms 
failed because the silica became gelatinous and impervious. The water- 
logged appearance of the silica suggested that it was abstracting additional 
water from the n-butanol used as mobile phase, which had been saturated 
with water as was customary. This proved to be so ; equilibrium is rapidly 
established from either direction so that silica containing suitable amounts 
of water for partition chromatography (i.e., about 6o % of its own weight) 
is in equilibrium with w-butanol containing ii %-i2 % of water by volume 
(i.e., about two-thirds saturated), which accordingly gives very satisfactory 
partition chromatograms. Instead of grinding the silica with water, a suitable 
amount can be conveniently introduced by stirring the dry silica with water- 
saturated butanol (8 to lo ml./g. silica) to give a slurry, which can be poured 
immediately into the tube. The mixture is preferably first degassed by 
putting it under reduced pressure for about a minute ; development of the 
column can then safely be expedited by suction without air-bubbles ap- 
pearing. 

Propanol (n- or iso-), though completely miscible with water, behaves in 
a very similar fashion to butanol, in that liver extracts separate into the 
same system of coloured bands on silica columns developed with propanol 
containing lo %~25 % of water, while the R values are also similar. It seems 
probable that water is redistributed between silica and propanol on contact, 
as with silica and butanol, so that two liquid phases are created, a water-rich 
one soaked up by the silica particles and a continuous alcohol-rich one. 

Consden, Gordon and Martin ^ have commented that partition chromato- 
grams can be run on filter-paper strips with some water-miscible solvents 
and have explained this as due to the creation of two liquid phases by a 
salting-out effect of the cellulose. The principle has recently been utilized 
by Patton and Foreman® for the separation of amino acids by partition 
chromatography on filter-paper with 77 % ethanol. 

It is now well recognized that adsorption comes into play, for better or 
worse, in many of the separations effected by partition chromatography. 

• Tiselius, Arkiv, Kemi, Min, Geol. B, 1948, 96, i. 

’ Cousden, Gordon and Martin, Biochem. J., 1944* 3 ®, 224. 

* Patton and Foreman, Science, 19491 209, 339. 
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Martin and Synge,® its originators, found it necessary to add a trace of 
alcohol to the chloroform used to fractionate acetyl amino acids to prevent 
excessive adsorption. Another early example concerns Sanger's^® use of 
fluorodinitrobenzene for end-group analysis of peptides. Attempts to repeat 
his successful separation of the resulting dinitrophenyl amino acids by 
partition chromatography on silica failed until a more adsorptive batch of 
silica was used. We quickly appreciated that this phenomenon was also 
operating in our fractionations of vitamin The pink band of active 
material travelled out from the almost stationary brown band at the top of 
the column and then hardly moved any further on continued development, 
although a fast-running yellow band could easily be developed right out of 
the column. Different lots of silica varied in their behaviour : with some, it 
was difficult to separate the narrow brown and pink bands, while others 
permitted fair separation and gave a more diffuse pink band. Attempts to 
use starch as a less adsorptive base soon showed the advantages of a mildly 
adsorptive silica. On starch the pink bands travelled faster, but were so 
diffuse as to be only just clearly visible, while the capacity of a column of 
given size was much reduced. Moreover, the purification effected was no 
better than on silica columns. 

Some reviewers, for example. Strain, have called into question the 
appropriateness of the term partition chromatography (which I was the first 
to apply to this technique), implying that it cannot properly be distinguished 
from the original technique of adsorption chromatography. Strain has 
accordingly proposed a new term, partition adsorbent ; this suggestion intro- 
duces needless confusion, besides appearing to belittle the spectacular 
advance made by Martin and Synge, whose method is probably more widely 
used now than the classical one. Now although adsorption is often involved, 
the dominant factor is undoubtedly partition ; when adsorption occurs, it 
has the effect of diminishing the concentration of solute in the static aqueous 
phase below what it would be in the absence of adsorption ; the net effect is 
to diminish the rate of travel of the zone and to sharpen it, especially in 
front. There is a close analogy with the use of a buffer solution instead of 
water to moisten the silica in the partition chromatography of acids not very 
soluble in water, like penicillin, ^ ^ the higher fatty acids and recently 
dinitrophenyl amino acids. In these instances salt formation instead of 
adsorption is superimposed on partition, but, unless the acids differ widely 
in strength, differences in partition coefficient are the main cause of their 
separation on the chromatograms. 

The result is quite different if adsorption alone is relied upon. Two illustra- 
tive examples may be cited from the present work. A component that travels 
quickly on a partition chromatogram must be both readily extractable from 
water by the solvent and not strongly adsorbed by the supporting solid. A 
component that travels slowly may on the other hand owe its low R value 
either to a low partition coefficient and little or no adsorption, or to a higher 
partition coefficient counter-balanced by adsorption. It so happens that 
vitamin B ^ 2 falls into the second category and the accompanying brown pigr 
ments of liver extract into the first ; these pigments are nearly insoluble in 
butanol and not appreciably adsorbed on silica. 

A particular sample of this brown material was taken, which had twice 
been submitted to partition chromatography, each time remaining in the 

• Martin and Synge, Biochem. 1941, 55, X358* 

Sanger, Biochem. 1945, 39, 507. 

Strain, Anal. Chem., i949» a*, 75« 

1* Levi, Biochem. /., 1948, 257. 

' • Moyle, Baldwin and Scarisbrick, Biochsm. J„ 1948, 43, 3o8« 

^ * Blackburn, Nature, 1949, 163, 955* 
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top few mm. of the column despite prolonged development. This materia! 
was then submitted to adsorption chromatography on the same solid, silica, 
from Aqueous solution. It now travelled with an R value of about 1*2, while 
just above this brown zone appeared a faint pink flush due to a trace of 
vitamin that had not been completely separated from it by partition 
chromatography ; the position of the vitamin B ^ 2 on the column was con- 
firmed by microbiological assay of three adjacent sections. Thus the relative 
positions of the vitamin B12 and the brown pigments were reversed on 
changing from partition chromatography (assisted by adsorption) to ad- 
sorption chromatography on the same solid with one of the same liquids. 
Secondly, as mentioned above, propanol containing up to 25 % of water will 
give excellent partition chromatograms on silica, separating suitable liver 
extracts into at least three coloured bands. Yet if the water concentration 
of the developing solvent is increased appreciably above 25 % all these zones 
are washed quickly and indiscriminately from the column. Thus only when 
conditions permit the existence of two liquid phases does this system function 
as a useful chromatogram. 

In the course of chromatographic fractionations of liver extract we have 
had repeated evidence of the separation of two red pigments. Two pink 
zones have often separated on silica partition chromatograms, especially on 
rechromatographing a fairly clean fraction. Reproducible separation can, 
however, be achieved more reliably by using as base starch equilibrated 
with moist air, with butanol 9/10 saturated with water as mobile phase. 
The two bands then separate well apart, even though they are rather diffuse, 
with Rf values of about 0*5 and 1*2. The faster component corresponds 
with the crystalline vitamin B ^ 2» the other has not yet been obtained pure. 

It is worth noting that this separation fails if the starch is allowed to 
become too dry, or if development is hastened by applying pressure or 
suction to the top or bottom of the column respectively. It may be presumed 
that the rather large molecule of vitamin (molecular weight about 1600 
in the hydrated state) requires appreciable time for the successive redistri- 
butions between the two phases to approach equilibrium as development 
proceeds. 

The relationship between these two red pigments is not yet established, 
but it is probably close ; solutions of the two pigments of equal colour inten- 
sity are also of approximately equal potency, both microbiologically and 
clinically. A curious feature of their chromatography is the incompleteness 
of the separation. Thus on a silica partition column two bright pink zones 
appeared, separated by several cm. of white silica. Yet on eluting and 
rechromatographing, the major fast zone again splits into fast- and slow- 
moving components. The fast component had to be rechromatographed a 
third time to free it completely from the other. These experiments were 
carried out by Dr. K. Fantes. The incompleteness of the original separation 
in this and in other similar experiments was confirmed by chromatographic 
analysis of eluates from the two pink zones on filter-paper strips.^® The 
components separated on the paper strips were located and approximately 
assayed by placing the strips on large plates of suitable nutrient agar inocu- 
lated with L. lactis Domer and measuring the maximum diameter of the 
zones of growth after incubation. It was clear from the results that each 
pink zone on the silica column contained 20 % or more of the wrong ** red 
factor. The probable explanation is loose association between the two factors. 

The technique described above, of using a sensitive microbiological assay 
to locate the spots on a paper chromatogram, is interesting in that it probably 
represents the limit of sensitivity yet achieved. The separation of amounts 

1 * Cuthbertson and Lester Smith, Biochem, 1949, 44. P. 5- 
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of vitamin Bu and the related factor down to about lO'* • g- can readily be 
demonstrated. Possibly even smaller amounts of “ carrier-free radioactive 
compounds could be separated and could then be located by radio-autography, 
but such separations do not appear to have been reported except in presence 
of relatively large amounts of carrier. 

Research Division, 

Glaxo Laboratories, Ltd,, 

Greenford, Middlesex, 


HIGH MOLECULAR POLYMERS SEPARATION 

By Stic Claesson 
Received 2gth August, 1949 

The difficulties associated with chromatographic separation of high molecular sub- 
stances are discussed. Normally, the rate of adsorption is low requiring an extremely 
low flow-rate in order to reach equilibrium. The curves obtained by frontal analysis 
provide information about the composition of high polymer solutions ; in special 
cases, the agreement with other methods of determining molecular weight distribution 
is good. 


It is rather remarkable that very few papers dealing with chromato- 
graphy of high molecular weight substances have been published. If 
one considers the fact that almost all other types of compounds have been 
very thoroughly investigated by many different authors, it is even more 
striking that these of high molecular weight hardly have been studied at aU, 
especially as most of our knowledge about such substances is based upon the 
use of new and pow'erful anal^Tical methods. 

There are several reasons why we 
know so little about the chromato- 
graphy of high molecular substances. 

It is generally difficult to observe 
these colourless substances on the 
column or in the effluent and as they 
have a continuous distribution of mole- 
cular weights no discrete zones will be 
obtained and it is therefore not pro- 
fitable to study a limited number of 
fractions in the effluent. Due to this 
continuous distribution of material 
on the column it is also necessary to* 
have very well-packed columns as 
uneven fronts will cause great errors in 
the observed distribution of material. 

It is also mostly impossible to elute the substance quantitatively from the 
column getting good separation at the same time. Furthermore very little 
is known about the very complicated theory for chromatography of substances 



^Mark and Saito, Monafsh., 1936, 68, 239. 

*Levi and Gicra, Gazz. chim, itaL, 1937, ^ 7 * 7^9* 
*Landler, Compt. rend,, 1947, ^ 34 - 

♦Claesson and Claesson, Physic. Rev., 1948, 73. 1221. 

® Claesson, Arkiv. Kemi, Min. Geol. A, 1949, 26, No. 24. 
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with continuous distribution of molecular species. However, even if very 
little quantitative work has been done in this field it seems of interest to 
discuss the little that is known at present as it may initiate further research. 

The most important fairly well-established facts are the following. As 
can be expected the rate of adsorption is low when the molecular weight 
is high. The reason for that is certainly the low diffusion constant for such 
substances. A typical curve ® showing the low rate of adsorption is shown 
in Fig. I, where the amount adsorbed (mg./g.) is given as a function of time 
for the adsorption of a polyvinyl acetate of molecular weight 23,000 on 
activated carbon. That causes extra difficulties, as the rate of flow through 




Fig. 2. 


the column must be extremely low in order to reach adsorption equilibrium. 
Otherwise instantaneous equilibrium cannot be assumed in the theoretical 
treatment and the mathematical difficulties will then be unsurmountable. 

The amount adsorbed per gram adsorbent is also generally small, but of 
course not lower than for many low molecular compounds without polar 
groups. 

For a high polymer homologous series the amount adsorbed usually 
decreases with increasing molecular weight. That has proved to be the 
case for many different high polymers.^ ® That is in marked contrast to the 
case of low molecular substances where the reverse is true. There must 
consequently exist a maximum adsorbabihty for an intermediate molecular 


• Claesson and Claesson, Arkiv. Kemi, Min, Geol. A, 1944, 19, No. 5. 
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weight (most probably around M = 10,000). Two curves * ’ showing the 
amount adsorbed (in mg./g. adsorbent) as a function of the molecular 
weight M for i*5 % solutions of nitrocellulose in acetone and dextran in 
water on activated carbon are given in Fig. 2. 

Some experiments have been carried out by the present author in order to 
investigate the possibilities of using chromatography for a determination 
of the composition of solutions of high polymers. It is evident that such an 
investigation has to be arranged with care in order to get useful results in 
spite of the difficulties mentioned above. In order to avoid the trouble with 
incomplete elution only frontal analysis was used. The concentration 
of the solution leaving the filter with adsorbent was followed by measuring 


Polymethyl methacrylate 



the refractive index by a micro-interferometer in the way described by 
Tiselius and the present author.® In order to reach sufficient accuracy 
(better than io“® in refractive index) a new improved interferometer was 
constructed which had a 400 mm. long cuvette. Activated carbon (usually 
about I g. Carboraffin) mixed with three parts by weight of Supercel was 
used as adsorbent. The system with coupled filters ® (the solution passes 
from a filter with a large to a filter with a smaller diameter through a mixing 
chamber) was used to get good fronts. The rate of flow was kept very low 
{0-I-.0-2 ml./min.) in order to be close to adsorption equilibrium. The most 
difficult part of the problem is, however, to avoid the use of a complicated 

’ Ingelman and Hailing, Arkiv. Kemi, 1949. No. lo. 

* Tiselius and Claesson, Atkiv. Kemit Min. Geol. B, 194 ^* *5» No. 18 . 

* Claesson, Arkiv. Kemi, Min. Geol. A, 1947^ * 4 » No. 16 . 
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theory to com^nsate for the fact that the different molecular species may 
displace each other. It has in fact been demonstrated by separate experi- 
ments with fractions of high polymers that this effect is fairly large. An 
attempt to avoid this difficulty was made by using very dilute solutions, 
where such effects are smaller. The diagrams were then extrapolated 
to zero concentration. This procedure seems to be very useful in general ; 
there is, however, no guarantee that it must ^ve a correct result if it cannot 
be verified by other means. As very little is known about the adsorption 
isotherms of high pol3nner fractions at the present time it was thought that 
this procedure was the best possible way of getting any results at all. Experi- 
ments have therefore been carried out at a series of total concentrations 

down to 0*02 % and extrapolated to- 
zero concentration. It was found that 
very reproducible results could be 
obtained in this way which showed very 
little variation with changes of rate of 
flow up to 0*3 ml./min. It is quite clear 
that a diagram from a frontal analysis 
under such conditions where displace- 
ment effects and non-equilibrium are 
disregarded directly will give informa- 
tion about the composition of the high 
polymer solution. If a curve of the 
type given in Fig. 2 is used to correlate 
molecular weight and retention volume, 
the result can easily be expressed as the 
molecular weight distribution function. 
Two typical curves obtained in this way are given in Fig. 3 showing the 
extrapolated curves for a solution of pol5anethyl methacrylate in acetone and 
a solution of polyvinyl acetate in acetone. The curves are given as 
frequency distribution functions. 

The great number of marked features on these curves is very remarkable. 
It is hard to believe that this should be caused only by a very complicated 
molecular weight distribution. It is more probable that other factors 
come into play — e.g., different branching of the chain, nature of end- 
groups, the order of the groups in a copolymerizate and so on. Neither 
can it be excluded that some components in the diagram are low molecular 
weight impurities. However, it is obvious that chromatography will 
give such very detailed information about the composition of high pol5mier 
solutions that almost no other analytical method for high polymers can 
compare with it. 

Much still remains to be done in this field of chromatography. One of 
the most obvious things to try is to use mixed solvents ® ® (a solvent and a 
precipitant) to increase the adsorption. This may cause a decrease in 
selectivity as the larger molecules will be more affected than the smaller 
ones, but it will be compensated for if such weak adsorbents can be used in 
this way that quantitative elution is possible. A study of the properties 
of different adsorbents and particularly the use of partition chromatography 
will certainly bring forward new results. It will dso be very interesting to 
carry out more experiments with well-fractionated materials of different 
kinds to get more detailed information about the adsorption properties of 
such substances. 

We do not know to-day if chromatography can give information about 
molecular weight distribution in general. The agreement with other methods 
is, however, very good in special cases. Fig. 4 gives the molecular weight 
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•distribution determined^® from fractionated precipitation and viscosity 
measurements for the same polymethyl methacrylate as in Fig. 3 and the 
general shape of these two curves is very similar. Chromatography therefore 
seems to be an extremely powerful method also for the study of high 
molecular weight substances, so promising indeed that it may very well 
happen that this new branch of chromatography in the near future will prove 
to be one of the most important applications of Tswett's original brilliant idea. 

Fysikalisk-Kemiska Institutionen, 

Uppsala. 
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G. H, Beaven {Thornton Research Centre)* said: Work carried out in 
collaboration with C. N. Thompson and L. F. Foster, which has been submitted 
elsewhere for publication, has shown that the high afi&nity of activated silica 
gel for aromatic hydrocarbons generally can be utilized for the efficient separation 
of heavy petroleum fractions into total saturate and total aromatic fractions. 
The technique which we have devised is very similar to that described by Smit ^ 
and uses isopentane as the initial solvent which conveys the total saturates 
through the column, followed by, e.g., ether to desorb the total aromatic fraction. 
Working on an analytical scale with sample weights of ca. 20 g. and a 30 in. X 
I in. column of silica gel (100-200 mesh), essentially complete recoveries can be 
obtained from distillates and semi- or completely-refined products, and their 
total saturates and total aromatics estimated to i i % or better. This method 
has been most used in the spindle -oil range, which contains material in the 
molecular weight range ca, 200-300, but it is also applicable to petroleum fractions 
extending from gas oils to heavy lubricating oils.® * * The adsorption analysis 
of gasolines has been described by several American workers,® while LawTence 
and Barby ® have shown that, using alumina as the adsorbent, the method is 
also applicable to residual oils containing asphaltic material, so that the entire 
range of liquid petroleum fractions is susceptible to adsorption analysis. 

The practical problem of determining the point at which all the saturates have 
been eluted is best solved by the empirical method, described by Smit ^ and by 
Reichstein and Shoppee,^ of continuing elution with a given solvent until the 
solute content of the eluate becomes negligible. This is conveniently done by 
using a suitable eluant sampling schedule (or an automatic fraction-cutter) 
together with some form of rapid solvent-removal device. Refractive index and 
specific dispersion measurements are also of great value in distinguishing between 
saturate and aromatic fractions, but it is often difficult to select definite values 
of these characteristics to indicate the transition point, ownng partly to some 
degree of fractionation within the saturate fraction itself (cf. Smit^), and also 
because of the anomalous refractive indices of some hydrocarbons of mixed 
structural type. The freedom from aromatics of the total saturate fraction 
obtained in the manner described above may be confirmed by fluorescence and 
ultra-violet absorption tests. 

^ This Discussion. 

• Dinneen et aL, Anal. Chem., 1947, 992- 

• Lipkin et al.. Anal. Chem., 1948, 20, 130. 

*Fred and Putscher, Anal. Chem., 1949, 21, 903. 

• Cf. Mair et al., J. Res. Nat. Bur. Stand., 1945, 34, 435 : 1944, 3 *. 

^This Discussion. 

’ This Discussion. 


* Present address : M.R.C. Spectrographic Unit, The London Hospital, E.i. 
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For the separation of the aromatics into several fractions rather than a single 
bulk fraction, our work has fully confirmed the value of fractional elution recom- 
mended by Smit and other contributors to this Discussion. We have used up 
to five solvents, e.g., isopentane, carbon tetrachloride, ether, acetone and benzene 
(in this order), but carbon tetrachloride followed only by ether is found to give 
almost complete elution of the aromatics of light lubricating oils and related 
products. By fractional elution some separation of the total aromatic fraction 



Fig. I. — Adsorption fractionation. 



Fig. 2. — Three-solvent desorption analysis. 


into different aromatic types can be achieved, as shown by the progressive 
increases in the refractive indices and specific dispersions of the successive sub- 
tractions, but the complete separation of, e.g., monocyclic and dicyclic aromatics, 
wWch is possible with pure hydrocarbons, ^ has not yet been definitely observed 
with petroleum products. The problem is made more difficult by the simultaneous 
segregation of the sulphur compounds, which are mainly associated with the 
aromatic fractions during adsorption anal3^is.* 
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Fig. I shows a t3rpical separation of a transformer oil into a large total saturate 
fraction and a sm^l total aromatic fraction ; the small transition fraction of 
intermediate refractive index may be noted. Fig. 2 shows a 3-solvent prepara- 
tive-scale separation of a crude spindle-oil distillate into a bulk saturate and two 
aromatic fractions ; the variation in sulphur content of the individual aromatic 
sub-fractions is also indicated. These two examples serve to show the value of 
adsorption analysis, even in a simple form, for the study of petroleum fractions. 

Our work has also confirmed the observation by Smit ^ regarding the photo- 
sensitivity of some oil fractions when adsorbed on silica gel. In this connection 
it may be noted that Ewles * has found that water and several polar organic 
liquids show unexpected fluorescence and phosphorescence characteristics when 
adsorbed on silica gel and other inorganic solids. These characteristics must 
presumably be associated with alterations in the light-absorbing properties of the 
compounds to the extent that in the adsorbed state they can be excited by 
radiation of much longer wavelength than that required to excite the same 
compounds in bulk. A similar alteration in light-absorbing properties may be 
responsible for the photosensitivity of adsorbed petroleum hydrocarbons to visible 
light. 

Dr. A. S. G. Lawrence (Sheffield) said : Black oils are, as their name suggests, 
black and include residua from the distillation of petroleum and mixtures of 
such residua with heavy distillates. The black colour is due to the fraction 
which we isolate as co. Since the paper was written, ultimate analyses have been 
made of fraction 57 with the following results : 


Fraction 

C 

H 

H/C 

0 

S 

N 

Ash 

a 

• • 84-3 

12*7 

1*79 

3*0 

— 

— 

— 

P .. 

• • 83-3 

II -9 

1*72 

4*5 

— 

— 

0*3 

Y ■ ■ 

. . 82-9 

9*3 

1*345 

4*05 

2-15 

— 

0*2 

S, .. 

. . 82-5 

8-2 

1*195 

6*2 

1-9 

— 

1*2 

8. .. 

8o«7 

8*1 

1*275 

8-9 

1*7 

— 

O’l 


These results suggest the rather startling conclusion that the higher fractions of 
petroleum oil contain no hydrocarbon. The literature is extraordinarily lacking 
in results of ultimate analyses of all petroleum products. It is considered that 
the easy elution of fractions a and p indicates that the oxygen is present in non- 
polar form and it is obviously not very important from the point of view of 
fractionation of hydrocarbon types if these very large molecules contain a few 
-C-OO or -O-S-C- links in place of --C-€~C-. However, the higher ruinous 
fractions show signs of polar properties such as their stronger adsorption on 
alumina, spreading on water, etflciency as water in oil emulsifying agents and 
flocculation changes with pH. These properties all suggest that some at least of 
the oxygen is present in polar groups. 

The hydrogen/carbon atomic ratios show considerable divergence from the 
theoretical value of nearly 2 for the paraffin and cycloparaffin types which 
should be a and p fractions, and from i for the y aromatic one. The results of 
the chromatographic fractionation suggest that these divergencies are due to 
mixing of types in the molecules rather than to any limitations of the method. 

It may be noted that the oxygen-containing resins appear to be quite different 
from the coal tar pitch resins which are also distinguished by high oxygen content. 
These are easily oxidized by alkaline permanganate to colourless water-soluble 
products but our y fraction is not so oxidized. 

Although our products are considerably unsaturated, no sign of irreversible 
sdsorption was observed. The literature contains numerous references to the 
irreversible adsorption of olefins. It is suggested that the preliminary wetting 
of the alumina by pure solvent, which gives remarkable evolution of heat, so 
reduces the heat of adsorption of olefins that polymerization does not occur ; 
that is, that irreversible polymerization, when it does occur, is a thermal effect. 
A number of patents for improving oils by filtration through alumina (bauxite) 
include wetting of the alumina by water. 


® Ewles and FarneU, Proc. Physic. Soc. A, 1949, 6a. 216. 



338 GENERAL DISCUSSION 

Prof, A. Tiselius {Uppsala) said ; In Dr. Cassidy's paper, as well as in several 
other contributions to this Discussion, the use of active carbon in adsorption 
chromatography has been exemplified. We have had considerable experience 
with this adsorbent in my own laboratory, and I would like to point out that, 
although it has great advantages in its specificity and large adsorption capacity, 
it has the disadvantage of showing some irreversible adsorption (or slow desorp- 
tion), particularly witii strongly adsorbed substances. In his summing-up of the 
first section of this Discussion, Dr. R. L. M. Synge mentioned some experiments 
in which this difficulty had been partially overcome by pretreating the carbon 
with stearic acid, which blocks the most active patches on the carbon surface. 
Nevertheless, losses often occur on account of this irreversible adsorption, par- 
ticularly in elution, and also to a certain extent in displacement analysis. 

Dr. A. J. P. Martin (Medical Research Council Unit, London) said : Displace- 
ment partition columns for acids or bases, the column being loaded with a base 
or acids, have potentially very large capacities. Probably concentrations in 
the range of 0*5 to 2 N can be used on the support, A theory for such columns 
has been given.* 

The scope of partition chromatography can also be extended to substances 
with partition coefficients in favour of the non -polar phase by treating silica, 
precipitated or in the form of kieselguhr (Celite or Hyflo Supercel) , with dimethyl 
dichlorosilane. The silica will then hold the less polar of a given phase pair. 
With a hydrocarbon on the silica, e.g., medicinal paraffin or octane, and an 
aqueous solution of acetone or methanol as the mobile phase, it is possible to 
separate fatty acids differing by two carbon atoms, e.g., lauric, myristic, palmitic 
and stearic acids. 

Dr. E. Lederer (Paris) said : Cassidy and Nestler have rightly stressed the 
difficulties encountered in the purification of carboxylic acids by adsorption 
chromatography. I wish to report a case of the successful application of chromato- 
graphy to the purification of high-molecular biologicaUy important carboxylic 
acids. 


TABLE I 

Separation of a- and P-Mycolic Acids (1585 mg. on 32 G. Alumina Activity II) ^ 


Eluting Solvents 

Eluate (mg.) 

M.p. (" C) 

a 150 ml. benzene 

M -5 

— 

b, c 300 ml, dry ether 

4 

— 

d 150 ml. ether 

8 

— 

e 150 ml. ether o*i % acetic acid 

322-5 

55-56 

^ 200 „ „ O-I % „ „ 

571 

55-56 

g 200 „ „ O-I % „ „ 

268 

55-56 

h 200 „ „ 0-3 % „ „ 

194 

57-58-5 

i 200 „ „ 0-5 % „ „ 

74 

— 

h 200 „ „ i-o % „ „ 

63 

1519 (96 %) 

62-64 

1 

1 


Mycolic acid is a branched hydroxy-methoxy acid isolated by Stodola and 
Anderson from the wax of a human strain of Mycobacterium tuberculosis and 
to which the authors assigned the formula C88H176O4 (mol. wt. 1298) ; this is 
the only acid-fast substance found in the tubercle bacillus. The salts of mycolic 
acid are soluble in organic solvents, even in petroleum ether, so that it cannot 
be separated from neutral substances by the usual extraction with aqueous 
alkali from an organic solvent. 

* Martin, Biochem. Soc, Symp,, No. 3, 1949. 

Howard and Martin (unpublished). 

Asselineau and Lederer, Compt. rend., 1949, aa8, 1892, 

Stodola, Lesuk and Anderson, /. Biol. Chem., 1938, ia6, 505 ‘ 
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In a recent paper, Asselineau and Lederer have described the chromato- 
graphy of mycolic acid on alumina. Mycolic acid is strongly adsorbed and can be 
quantitatively eluted by ether containing 5 %-io % of acetic acid. By this method 
it was easy to show that different strains of mycobacteria contain free mycolic 
acid (up to 4 %). 

Thus purified, mycolic acid can then be split into two isomeric components- 
CggHijeOi, which we have called a- and p-mycolic acids. Table I shows such 
a separation which uses increasing amounts of acetic acid in ether to elute the 
two isomers separately. This may be regarded as a displacement development. 

We have isolated isomeric forms of mycolic acid from a bovine strain of 
Mycobacterium tuberculosis. The mycolic acid of the B.C.G. strain which was 
said to have a molecular weight of only 770 can be easily split by chromato- 
graphy into a neutral part (m.p. 75°) and an acid (m.p. 54'^'“58°) having a molecular 
weight of about 1000. (Unpublished results.) 

After a second, simil^ chromatography, fractions e, /, g give a-mycolic acid, 
m.p,, 55°-56°, and fractions i, k give p-mycolic acid, m.p. 7i°~73°. 

Prof. L. Zechmeister (California) said : I agree with Prof. Tiselius that the 
main difiiculty in protein chromatography is the recovery of the protein from 
its adsorbate and the reliable check of its unaltered state. However, this difficulty 
can be overcome when the protein studied shows well-defined enzymatic (or 
serological ?) properties. Then an unchanged enz5rme potency offers sufficient 
proof in the direction mentioned. In pertinent experiments carried out by 
Dr. T6th and others in our laboratory some unexpected variations in the adsorp- 
tion behaviour of enzymes were observed upon the repetition of the chromato- 
graphic experiment. On the basis of the important paper under discussion, it 
seems possible that these variations were caused by an alteration of the salt 
content in the initial, crude enzyme extracts during the first adsorption process. 

Dr, R. Consden (Maidenhead) said : One of the most important applications 
of paper chromatography is in the separation of peptides from partial hydro- 
lyzates of proteins. The number of peptides may be so large that preliminary 
separations are essential before paper chromatography can be used to the best 
advantage. Anion-exchange resins have been used for the separation of acidic 
from non-acidic material, and ionophoresis has separated the acidic fraction into 
groups of similar mobilities, each group then being examined by paper chromato- 
graphy. In this w'ay, some twenty dipeptides of glutamic and aspartic acids 
have been identified in partial hydrolyzates of wool, and twelve dipeptides of 
cystine, after converting them to cysteic acid peptides. Only a few lower peptides 
of neutral or basic amino acids have been identified. These are more difficult to 
investigate than acidic peptides. The neutral peptide fraction may contain many 
constituents, which are not easily separated in ionophoresis. Many of them 
may be too fast running on paper chromatograms wdth the usual solvents. Basic 
peptides often do not behave satisfactorily on paper chromatograms and often do 
not deaminate readily. The problem of adequately separating and analyzing 
basic and neutral peptides is therefore one which requires further attention. 

Dr. E. Lederer (Paris) said : Dr. Jones mentions his attempts to isolate 
Y-aminobutyric acid from molasses ; Dr. Dent (London) has told me that he 
also has difficulties in isolating this substance from potato juice. I wish to report 
a method of isolating co-ainino acids which may be of interest in this respect (to 
be published with Pavlov). 

Some years ago, I have showm with Tchen and then with Jutisz that 
P-alanine is adsorbed on acid alumina in presence of 10 % formol, just as are glycine, 
serine and threonine.^® We had explained the preferential adsorption of glycine 
by sterical considerations and had written “ Si vraiment I’effet du formol sur 
bacidit6 du glycocolle est dfie k la pr6sence d'un -NH* li6 k un carbone primaire, 

Asselineau and Lederer, Bull. Soc. Chim. biol,, 1949. 3*. 492. 

Lederer and Tchen, Biochim. Biophys. Acta, i947* ** 35- 

Jutisz and Lederer, et MMecine, No. 5 (Symposium sur les prottines), p. 239. 

See Schramm and Primosigh, Ber., i943» 7^. 373* 
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nous devons trouver le m6me ph^nomdne chez tous les acides amines en 
The first example was ^-alanine and we have now extended these experiments 
to Y'S-J^i^obutyric, 8-aminovaleric and c-aminocaproic acids. Adsorption of 
these co-amino acids on acid alumina, in presence of lo % formol, is very dependent 
on pH. On using columns washed with water until the effluent has a pH of 
4*0 ( i o*i), up to 95 % of the above-mentioned amino acids are adsorbed on 
the column and can be quantitatively eluted by hot water which dissociates the 
formol-amino acid complex. 

Dr. ]ones mentions a paper of Proom and Woiwod^’ in which the authors 
have come to the “ pessimistic ” conclusion that in a great number of bacteria 
examined no new amino acid has been found. We wish to report that, on chroma- 
tographing on paper a hydrolyzate of the hydrosolubJe portion of a lipo-poly- 
saccharide isolated from Mycobacterium tuberculosis var. hominis, we got three 
spots, two of which are due to glutamic acid and alanine, the third being chromato- 
graphically identical with the spot No. 17 which Work has isolated from the 
proteins of Corynebacterium diphtheria. It seems that Dr. Synge has isolated the 
same substance from the bacteriae of the rumen of sheep (private communication). 
This new compound seems to be a neutral, aliphatic amino acid. We have only 
found it in the above-mentioned lipo-polysaccharide and not in the proteins of 
the tubercle bacillus.^* 

There are now available different methods of group separations of amino 
acids.*® In a paper with Fromageot and Jutisz *^ we have described in detail such 
a method, using silica gel for adsorbing the basic amino acids, acid alumina for 
adsorbing the acidic ones and a special carbon (Activit 50 XP) for the aromatic 
amino acids. We have checked that this method gives quantitative results also 
for simple synthetic di- and tripeptides. 

On studying recently the behaviour of a synthetic tetrapeptide, kindly put at 
our disposal by Prof. Prelog (Zurich), we found a somewhat unexpected result. 
The peptide in question is lysyl-glycyl-glycyl-glutamic acid and thus has a 
positive charge on one end and a negative charge on the other end of the chain. 
This substance would probably prove electrophoretically neutral, but it is 
adsorbed on silica gel as well as on acid alumina. It thus behaves in these group 
separations as if both charges were distinctly separated.** 

Dr. J. A. V. Butler [London) said : I should like to supplement 
Dr. Tudor Jones's examples by referring to two uses of chromatography in 
separating peptides with which I have been concerned. The first was the separa- 
tion of the smaller peptides produced by the action of chymotr5q)sin. This was a 
complex mixture ** of about 15 peptides of molecular weight of the order of 600. 
Paper chromatography with phenol and collidine gave, on developing with 
ninhydrin, a series of coloured bands which merged into each other. When 
material eluted from different parts of these bands was run again it gave rise to 
a similar series of coloured bands, so that it seemed that, for example, the portion 
which ran rapidly at first was distributed between slow- and fast-running frac- 
tions in the second run. However, using butanol-acetic acid mixtures two-dimen- 
sionally, a separation of about 17 spots with distinctive colours was observed ** 
and the separation of this rather complex mixture now looks rather promising 
with this solvent. 

The second example is the concentration of the toxic substance produced by 
the action of nitrogen trichloride (agene) on flour. It has been shown that the 
toxic substance is produced by action on the protein constituent of flour. A 
number of groups have been working ** on the isolation of the toxic substance 


Proom and Woiwod, J. Gen. Microbiol., 1949, 8, 319. 

Work, Biochint. Biophys. Acta, 1949, 3, 400. 

Asselineau, Choucroun and Lederer, Biochim. Biophys. Acta (in press). 

*° See the paper of Dr. Jones. 

*^ Fromageot, Jutisz and Lederer, Biochim. Biophys. Acta, 1948, s, 487. 

** Jutisz (unpublished results). 

** Butler, Dodds, Phillips and Stephen, Biochem. J., 1948, 42, 116. 

** Phillips, Biochim. Biophys. Acta, 1949, 3. 

** Reiner et at.. Fed. Proc., 1949, 8, 230. Butler and Mills, Nature, i949. *83, 835. 
Bentley, Moran et al.. Nature, 1949, 163, 675 ; I949» 1641 438. 
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and their methods, so far as they have been published, involve the digesticttl ci 
the protein with pancreatin, followed by a cbwmatograpbic fractionation of the 
products. Acid- and base-exchange resins permitted the separation of the fractions 
rich in acid and basic amino acids, and activated alumina was used to remove 
some oi the neutral amino acids. The selectivity of chromatographic methods is 
very strikingly illustrated by this work, in which gallons of digest are passed 
through large columns, in order to obtain finally a very small quantity of the active 
substance. 

Dr. A. J. Woiwod (Beckenham, Kent) said : The factors responsible for the 
progressive loss of amino nitrogen as an amino acid passes down the paper must 
be determined if the colorimetric copper method is to be of use for more tham 
comparative work. If failure of the amino acid to reach equilibrium with the 
mobile phase is the reason for the loss, then slowing up the rate of running by 
suitable choice of paper and solvent may effect an improvement. Miettinen *• 
reports that very satisfactory separations are obtained by such slow running. 

Gordon suggests that a more likely explanation of the loss is reaction with 
material in the paper. Fowden has found, using the elution technique of 
Consden, Gordon and Martin,®* that the longer a paper strip with an amino acid 
on it is washed the less the apparent recovery as measured by the colorimetric 
copper method. Using glycine the recovery fell to 51 % after 24-hr. washing. 
Washings from paper blanks did not affect the reaction between copper and 
sodium diethyldithiocarbamate and presumably the reaction between copper 
and amino acid w’as the one affected. The material responsible may perhaps be a 
metal forming complexes with amino acids of such stability that it cannot be 
displaced by copper. 

Estimates of the sensitivity of the fluorescent detection technique should be 
accepted with caution as paper has been found to vary markedly in its ability 
to permit fluorescence of amino acids. With good papers fluorescence appears to 
rival ninhydrin in sensitivity in detecting amino acids and peptides. 

Dr. K. W. Pepper (Teddington) said : I should like to amplify the reference 
made by Dr. Partridge to the use of sulphonated polystyrene resins of different 
degrees of cross-linking. The results obtained emphasize the importance of polymer 
structure as a parameter in ion-exchange chromatography and thereby confirm 
the findings of Kunin and Myers with anion-exchange resins (this Discussion). 

Cation-exchange resins were prepared by sulphonating the products obtained 
from the copolymerization of styrene with different proportions of divinyl 
benzene. The decrease in swelling resulting from increased cross-linking is shown 
in the Table. 


TABLE I 


C.R.L. 
Reference ' 
no. 

Nominal 

DVB 

Content 

Capacity 
(m.mole/g. 
dry H + 
resin) 

Swelling 
(g. water/g. 
dry H + 
resin) 

1 

% Volume shrinkage of H + 
form in water to 

I N HCl 

2 N HCl 

5 NHCl 

2088 

4% 

i 

! 5*30 

i«8o 

i 

10 1 

15 ! 

25 

2168 ! 

5 % 

5-30 

1-47 

5 

12 

20 

2169 

j 

10 % 

1 5-25 

! 

0*82 

0 

4 

10 


The performance of the above resins in the attempted separation of the more 
basic amino acids was compared directly, using similar conditions for each run. 
(Full details of the procedure will appear elsewhere.) After regeneration, the col- 
umns were first saturated with o*i M glycine hydrochloride in order to minimize 
changes in ionic strength, which cause shrinkage of the resins and disturbance 


*• Miettiuen, Proc. ist Ini. Congr. Biochem., I 949 i 229. 

Fowden (jpersonal communication). 

■* Consden, Gordon and Martin, Biochem. 1947 * 59 o* 
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of “ttie column. The test solution containing leucine, histidine, lysine and arginine 
(o*l5-0‘2 M concentration) was added and subsequently displaced with 0*15 N 
NaOH (rate of progression of Na+ boundary, 5 cm.^.). 

The flowing chromatograms obtained by Dr. Partridge are shown diagramma- 
tically in Fig. i. The influence of polymer structure is strikingly demonstrated 
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Fig. I. — Flowing chromatograms obtained by displacing the more basic amino acids 
from sulphonated polystyrene resins of different degrees of cross-linking. 

(a) Sample No. 2088 (4 % DVB). 

(h) Sample No. 2168 (5 % DVB). 

{c) Sample No. 2169 (10 % DVB). 


in that good separations were obtained with the lightly cross-linked resins, whilst 
the resin containing 10 % DVB was ineffective. A highly cross-linked commercial 
resin of this type (swelling, 075 g. water/g. dry resin) also proved to be 
ineffective. 
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General. — ^The renaissance of chromatography that has occurred during 
the last decade has been principally in its extension to water-soluble sub- 
stances ; most of the earlier successful applications being of relatively 
non-polar substances which were eluted from the adsorbent by such solvents 
as alcohols. It is noteworthy that in the papers above concerned with the 
separation of hydrocarbons, carotenoids, steroids and fatty oils, the classical 
type of adsorbent and solvent is still found to be the most suitable. In 
the same period, understanding of the ion-exchange properties of variously 
treated alumina has permitted the separation of many inorganic ions and of 
various amino acids and their derivatives. Absorbent clays and natural 
zeolites have also found employment, but the greatest extension has been 
with synthetic resins deliberately made for their ion-exchange properties. 
Tiselius and his school have shown how use can be made of the curved 
adsorption isotherms characteristic of active charcoal in frontal analysis and 
displacement chromatograms ; and so catholic is the adsorption affinity 
of carbon that, at least in frontal analysis, the method seems applicable 
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to all classes of soluble substances. Partition chromatography has shown 
itself capable of separating an extremely wide range of substances, particularly 
those of biochemical interest. It is perhaps not fanciful to suggest that the 
success of, say, the butanol-water system for many metabolic products is 
because they are transported to the cell, and within it, in an aqueous medium, 
and they have also to pass lipid membranes. 

Specificity. — ^The question of specificity of the adsorbent for particular 
substances or classes of substances has been raised several times, but it is 
clear that work and ideas on this subject are still in their infancy. So far 
as metals are concerned a number of more or less specific reagents which 
form complexes are available, and these can be used directly as in the 
8-hydroxyquinoline columns, or as an adjunct in partition or ion-exchange 
columns. That such molecular groupings should be incorporated in synthetic 
resins is an attractive idea, though perhaps one not easy to achieve. 

An interesting method, not mentioned in the Discussion, is that of 
Hamoir.^ Using Ag 2 S treated so that the surface was covered with Ag"^ 
ions, he found that amino acids which formed insoluble silver salts, or 
complexes with silver, were preferentially adsorbed ; similar results could 
be shown with BaS 04 . The ideal of preparing an adsorbent specific for a 
particular substance has been attempted by Dickey ^ by precipitation of 
silica in the presence of the molecule to be preferentially adsorbed, but it is 
as yet too early to show how widely this can be applied. The high specificity 
shown by enzymes and antibodies in nature, which indeed inspired the 
method, is an example of what should ultimately be possible. As a converse 
of this argument it would seem to be reasonable to attempt to purify enzymes 
upon columns of the substrate, or some appropriately modified substrate, 
which should of course for preference be insoluble. The writer has no concrete 
example except perhaps starch, cellulose or other insoluble polysaccharide, 
or indeed protein in mind. But no doubt if it could be shown to work in 
any individual case, other more speculative examples could be tried. 

Crystallization as a Method of Purification. — It seems relevant 
at this point to recall that the process of crystallization can be regarded as a 
special case of adsorption, where the adsorbent remains unaltered, no matter 
how much solute is adsorbed. In very many cases the specificity is extra- 
ordinarily high ; classical chemistry has used this method of purification 
more than any other. No doubt the specificity of the outside unimolecular 
layer is not as high as within the crystal, since only one side has to fit, and 
as the crystal grows many of the wrong ” molecules are displaced, since 
their fit will become progressively worse as they become more nearly enclosed ; 
the slowness of crystallization in complicated mixtures may well be attributed 
to this necessity for displacement. It is curious that though fractional 
crystallization has been a long-practised method, no one has published a 
fractional crystallization method employing a column arrangement. The 
writer wishes to suggest the following scheme ; ® it cannot perhaps be called 
a chromatogram though some resemblance is obvious. The apparatus would 
consist of a long tube packed with some filter aid material, kieselguhr, 
paper fibres, glass wool, asbestos, etc. Over a fraction of the length of the 
tube a temperature gradient would be imposed, as by a metal block, hotter 
at one end than the other. A solvent, in which some at least of the solutes 
had a high temperature coefficient of solubility, would flow down the tube 
in the direction hot to cold, and the tube itself be moved through the 

^ Hamoir, Biochem. 1945, 39, 485. 

• Dickey, Proc. Nat. Acad. Sci., 1949, 35, 227. 

The writer has since heard that Dr. J. Bowman, of the Mellon Institute, has used 
essentially this method for the separation of waxes. 
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temperature gradient in the opposite direction. Solid would be placed 
originally at the hot end of the tube and would be carried to the colder part 
by movement of the solvent and deposited. The filter aid material would 
prevent its being carried along the tube as solid. As the tube moved through 
the temperature gradient the solid would redissolve to reprecipitate again, 
in approximately the same position relative to the temperature gradient. 
Continuous recrystallization should thereby be possible with minimal losses 
in solvent and vessels. Where a number of substances were present, which 
did not form mixed crystals, only the least soluble would be obtained pure. 
By a curious paradox where mixed crystals were formed, substantial amounts 
of each substance should be pure, with regions of overlap as in displacement 
chromatography. Where temperature coefficients are too small to make this 
method useful, conceivably gradients of salt concentrations or pH could 
be devised. 

Using paper strips in place of the packed tube, an essentially similar 
method utilizing evaporation of the solvent suggests itself. A long dry 
strip of paper would pass through a region where the vapour pressure of the 
solvent gradually rose to a reservoir of solvent, the flow of solvent in the 
opposite direction being due to capillarity, with or against gravity. A 
steady state should eventually be established where substances put on to 
the paper would collect at characteristic places in the region of the gradient. 
A similar distillation analogue of the gas-phase chromatogram is obvious. 

Application of the Chromatogram to Large-scale Separations. — 

The quantity of material handled on a chromatogram is usually but a small 
fraction of the mass of the chromatogram itself, and with elution develop- 
ment solutions are normally very dilute. As a result the application of the 
chromatogram for industrial-scale separation has been limited to special 
cases, as in water softening where high dilutions are no disadvantage, or 
where valuable products are concerned. However, with displacement 
chromatograms relatively high concentrations can be used, and it can be 
predicted confidently that they will ultimately find wide application. For 
many industrial processes continuous operation is very desirable. A con- 
tinuous chromatogram can be envisaged where an adsorbent is forced up 
a tube counter-current to the solvent with the substances to be separated 
introduced somewhere between the ends of the tube. The difficulties of 
obtaining uniform packing and flow of materials are, however, so formidable 
that no practical arrangement of this type has yet been published. Perhaps 
if the adsorbent were made in the form of long fibres, e.g., by incorporation 
in a viscose thread, an endless rope, untwisted or lightly twisted, could be 
drawn with acceptable uniformity of packing through a column and through 
appropriate eluting baths to return the rope to its starting condition to 
re-enter the column. 

An idea rising from a discussion with Prof. Tiselius and Dr. Synge during 
this Discussion can also enable chromatography to be a continuous process, 
provided that the developing solvent returns the adsorbent to its initial 
state within a reasonable period. Imagine the chromatogram to be packed 
within a narrow annular space between two concentric cylinders. The 
upper surface of the chromatogram is flooded with solvent and at one point 
the solution to be separated is fed on slowly. The annular chromatogram is 
slowly and uniformly rotated with the result that different zones will form 
helices of characteristic angle which can be collected at various fixed points 
around the bottom of the chromatogram.* The annular chromatogram 

* TUe writer has since heard that this scheme is already being tried out by Dr. Wadman. 
of the University of Bristol. 
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could of course be replaced by a circular array of chromatogram tubes 
without essential differences, and perhaps less practical diflSculty, 

Application of the Chromatogram to Separation of Micro- 
quantities. — Scaling down the chromatogram should also be considered, 
There is perhaps no essentially chromatographic problem here. It is primarily 
a matter of detection of the substances separated. With radioactive sub- 
stances this offers little difficulty, and biological methods can detect as 
little as lo""^® g. vitamin Bjj after separation on chromatograms. Neverthe- 
less, using the colour reactions conventional in paper chromatography, 
replacement of the paper strip by a single yarn of cotton (or perhaps viscose) 
should result in the reduction of scale by probably a factor of one hundred 
in the amount of solute required. For ease of observation it would probably 
be convenient to wrap the yarn round a rod about i mm. diam. before or 
after development of the colour. Another possibility of detection lies in 
collecting the effluent from the thread in short lengths of thermometer 
tubing, and determining the amount, after freeze-drying within the tube by 
absorption of soft X-rays. It should be possible to detect at any rate lo"® g. 
per sample, and by the use of characteristic wavelengths, following 
Engstrom,® to do an approximate elementary analysis. Observation of the 
refractive index, so convenient in larger columns, is difficult if the column 
diameter is reduced to a fraction of a millimetre, but a total reflection method 
may be applicable since only a thin layer of liquid is required. It should 
be noted that there is a peculiar gain obtained with very narrow columns, 
with frontal analysis or displacement development, that lateral diffusion 
will permit no irregularity of flow to upset the sharpness of front. Hence, 
provided the observational difficulties could be overcome, micro-columns 
might well give better analytical results than larger columns. 

Chromatographic Separation of Large Molecules. — So few studies 
of chromatographic separations of large molecules have as yet been made 
that difficulties tend perhaps to be overestimated. Claesson has shown that 
in spite of slow adsorption and difficulty of elution characteristic of large 
molecules on carbon, impressive results can be obtained by frontal analysis 
of high polymers. So far as partition chromatography is concerned, the 
principal difficulty is likely to be in finding solvent systems in which partition 
coefficients are not extremely large or small, since as a general rule, for 
molecules of the same type, the higher the polymer the more it will favour 
a given phase. Where suitable solvents exist, and kieselguhr can be used 
as a support for the stationary phase, there is every reason to believe that 
very large molecules could be successfully separated. It is improbable 
that cellulose, starch or even precipitated silica would be as effective as 
kieselguhr as a support, owing to molecular-sieve effects. For these may be 
expected, not only to reduce adsorption capacity of the column, but also, 
particularly in the region where the sieve effect is becoming important, to 
slow down the attainment of equilibrium, and thus reduce the resolving 
power of the column. On the other hand, with materials such as starch 
and cellulose, solvents consisting of mixtures of two miscible components 
may be used and the difference between the stationary and mobile phases ” 
will more often be small enough to permit of "'partition coefficients'' of 
convenient values even for large molecules. 

The separation of proteins by chromatography is greatly complicated 
by the instability of many native proteins. Denaturation seems to occur 
on most of the common adsorbents though perhaps the use of low tempera- 


• Engstrom, Ada Radiol., Suppl. LXIII, 1946. 
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tures to prevent this has not yet been fully explored. There do not appear 
to be any immiscible phas^airs in which haemoglobin possesses both stability 
and a convenient partitiilfcoefficient. Even a small percentage of denatura- 
tion on passage from one phase to another would quickly, in a chromatogram, 
result in total destruction, and in a partition chromatogram accumulation 
of denatured protein at the surface of one phase would probably render 
this surface impermeable to native protein. The success with which proteins 
can be crystallized, however, suggests that other more insoluble proteins 
might be non-denaturing adsorbents. 
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